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PURPOSE OF THE INVESTIGATION 


The purpose of the investigation was to determine 
some of the physical properties of calcium halide- 
water systems over the temperature range 25° to 
40°C. These systems show some promise as low- 





temperature electrolytes. 

The phase diagram for the calcium chloride-water 
system has been determined by Rooseboom (1). 
Jones and Getman (2) have recorded some data‘ on 
freezing points, electrical conductivities, refractive 
indices, and specific gravities of some dilute cal- 
cium halide solutions. No other data are available 


for these systems. 


APPARATUS AND PROCEDURE 


The constant-temperature cryostat used for den- 
sity and viscosity measurements was similar to 
that of earlier work (3), except that the thermostat- 
bath medium was alcohol instead of air. Tempera- 
ture was controlled within +0.2°C over the entire 
lemperature range. 

Density, viscosity, and electrical conductivity 
measurements were made in the manner already 
described (3). Uncertainty of density values is less 
than +0.0002 g/ml. Uncertainty in relative viscosity 
values above —20°C is less than 0.5%; for lower 
(—20° to 
creases to about 3%. 


temperatures —60°C) uncertainty in- 


Temperature readings were taken with a ther- 
mometer calibrated by a platinum resistance ther- 
mometer which was calibrated at the National 


Bureau of Standards. 
The cryostat used for special conductivity meas- 


urements was similar to one previously used (3) 


excent that the inner Pyrex tube was replaced by a 
12-1). Pyrex test tube suspended in the Dewar after 
ut sired temperature had been reached by add- 


uscript received August 13, 1953. 





-83°; and calcium iodide, 
an incongruent melting point at —23.5°C 


ABSTRACT 
Data are given for electrical conductivity, freezing points, density, and viscosity of 
several solutions of calcium chloride, bromide, and iodide over the temperature range of 
60°C. Halide solutions have the following eutecties: calcium chloride, —55°: 


77°C. The calcium iodide-water system has 


. The electrical conductance-viscosity product 
shows considerable deviation from Walden’s rule. 
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Fig. 1. Freezing points of calcium halide solutions 


@—CaCl.-H.O system (Rooseboom 


CaBr.-H.O sys 


tem; O—Cal.-H.O system 
TABLE IL. Melting points 
Temp, °C Mole™ Temp, “¢ Mole ‘ 


Getman and Jones data Data this investigation* 


Caleium bromide-water system 


13.1 2.8 14.5 2.8 
17.5 3.38 ie.8 3.38 
30.5 $.59 31.0 $.59 
17 5.88 19.0 5.88 
Calcium iodide-water system 
10 2.4 11 2.4 
27 1.45 28.0 1.45 
60 6.47 56.5 6.47 


* Data interpolated from Fig. 1 


ing dry ice to the bath liquid. A temperature con- 
trol of +0.2°C was easily maintained. Uncertain- 
ties in the measurements of conductivities are less 
than 0.1% above —20°C and less than 2% at — 60°C. 

Thermal analyses were made in the following 
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TABLE IL. Density of calcium halide solutions 
Density (g/ml 


: Solutions of CaCle 

lemperature, 
mi +t OF 

30.8 wt % Py pes or 

6.80 mole % gy wee 
eutectk 


28.4 wt 
6.14 mole % 


1. 2909 . 2784 l 

1. 2937 . 2808 l 

1.3041 . 2909 4 
3011 1.2% 

1.3261 .3121 Ss 

Frozen “rozen F 


29 


rozen 


Solutions of CaBre 


Temperat 

. I 46.6 wt % ~ cr 

*4 le‘ 37.9 wt % 

7.20 mole /o | 6 22 mole % 
eutectic ™ 


S1.27 wt % | 47.6 wt % 
8.66 mole % | 7.90 mole 
1.6671 1.6191 .5757 5O19 
1.6715 1.6233 | . 5787 5051 
1.6870 1.6383 .5937 5185 
1.7037 1.6542 . 6089 5325 
1.7213 1.6711 .§255 5AT3 
1.7416 1.6900 .§426 “rozen 


Solutions of Cals 
ure, 

$7.4 wt % 56.6 wt © 

8.31 mole “ 8.21 mole ‘ 

9214 9114 

9259 9156 

9453 . 9350 

9653 9546 

. 9860 9752 

. 9964 


apparatus contained in a clear glass Dewar filled 
with a dry ice-aleohol mixture: a 15-ml sample 
contained in a Pyrex test tube was partially insu- 
lated from the cooling bath by placing this test 
tube inside a larger test tube which gave a 0.3-cm 
air space between the two concentric test tubes. 
The outer tube was filled with enough ethanol so as 
just to touch the bottom of the inner tube. A spiral 
glass stirrer, driven by a variable speed motor, was 
provided. Freezing or melting points of solutions 
were determined by means of a calibrated toluene 
thermometer with one-degree centigrade divisions 
Readings were accurate to within +0.5°C. 


Materials 


All salts were Baker and Adamson reagent qual- 
ity. Solutions of calcium halides were standardized 


by calcium and halogen analysis according to pro- 

cedures described by Pierce and Haenisch (4). 
Standard solutions of sodium oxalate were made 

from National Bureau of Standards sodium oxalate. 


Solutions of potassium permanganate were stand- 
ardized against National Bureau of Standards 
sodium oxalate. 
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TABLE III. Relative viscosity (relative to water at 
calcium halide solutions 


Vi it hidi 
scosity = - 
y , bade 


Temperature, °C Solutions of CaCle 
29.6 wt % 
6.45 mole % 
eutectic) 


30.8 wt % 
6.80 mole % 


3.150 2.928 

3.583 3.279 3.017 
6.072 5.527 5.087 
12.42 11.47 10.25 
35.04 31.09 27.91 
Frozen Frozen Frozen 


Solutions of CaBre 


Temperature ” 
Temperature, ss a 46.6 wt % ; 
47.3 wt G 79 oy 37.9 wt 
7.90 mole % | ‘:° mole % 6.22 me 

( eutectic) — a 


51.37 wt % 
8.66 mole ‘ 
3.490 2.950 2.a% 

3.888 3.309 2.478 

6.425 5.341 +00) 

12.85 10.35 7.504 

34.62 27.11 19.18 

178.1 139.8 Froz 


Solutions of Cals 
Temperature, 
57.4 wt % 56.6 wt 
8.31 mole & 8.21 mole “ 


4.092 
4.502 
7.300 
13.84 
34.83 
151.1 


DISCUSSION 


Data are shown in Tables I, II, III, and IV, ani 
in Fig. 1. 

Density-temperature relationships are linear 
all three halides studied over the temperature rang 
of —60° to 25°C. The density-concentration rei 
tionship for the calcium bromide-water system 
linear over the range of 37.9-51.3 weight % calcium 
bromide. 

Viscosity-temperature data of all three halid 
systems give the high increase at low temperatu! 
observed for many other salt solutions over thi 
temperature range (3). 

Electrical conductivity of all three halide system: 
at low temperature decreases to about 5 to 10 °c 0 
the values at room temperature. 

Presumably because of their high concentratio!, 
these solutions show the expected deviations from 
Walden’s rule (5) of the constancy of the condu 
tance-viscosity product (over the temperature ralg 
studied). 

Rooseboom (1) reports a eutectic temperat re “ 
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\. Specific conductivity of calcium halide solutions 


: 195 "ol. 
U PAB! 
Ter re, 
t 
re 25 
XH 
65 0 
17 ‘ %0 
\7 4) 
) 0 
| 
en 
Te erature, 
wt 
mo 25 
20 
Pa 0 
$78 20 
! 10 
54 60 
Is 
Oz¢ 
I erature 
20 
0 
20 
1) 
z 60 
55°C 
salt). The 
id 
' 
range 
re 
m 
Cul 
alid 
itu 
this 
ten 
tio! 
fro 
dui 
‘ang 


Specific conductivity (ohms cm=') 


Solutions of CaCle 


30.8 wt % 28.4 wt 


6.80 mole % 


0 
0 
0 
0 
0 
0 


51.27 wt ‘ 


8.66 mole ‘ 


0.1012 
0.0714 
0.0413 
0.0169 
0.0035 


a4 


8.31 mole “ 


0 
0 
0 
0 
0 


for calcium 


aad 
c 


6.14 mole % 


. 1089 — 

.1027 0.1110 

.0750 0.0814 

0475 0.0524 

.0214 0.0239 

0056 Frozen 

Solutions of CaBrz 
, 9 , 46.6 wt % ~ . 
‘ 47.6 wt % = 6 37.9 wt “7 
> | 7.90 mole % a © | 6.22 mole % 


0.1129 0.1188 
0.0819 0.0863 
0.0483 0.0536 
0.0223 0.0238 
0.0054 0.0065 


Solutions of Cals 


4wt % 56.6 wt 


0.1365 
0.1275 
0.1275 
0.0608 
0.0303 
0.0086 


co 
c 


8.21 mole 


0986 0.1009 


0710 0.0718 
0431 0.0438 
0193 0.0198 
0053 0.0056 


chloride-water (6.45 mole % 


calcium bromide-water system 


has 


« 
< 


1 


eutectic at —83°C (7.26 mole % CaBre). This is 
the lowest of these three calcium halides (Fig. 1). 
The calcium iodide-water system has a eutectic 
at —77°C (7.25 mole % Cal.) and an incongruent 
melting point at 23.5°C (9.95 mole % Cal.) (Fig. 1). 
The solid phase, presumably a hydrate, was not 
identified. Iodide solutions decompose readily from 
air oxidation and must be protected with an inert 
atmosphere. Freezing point data of Getman (cover- 
ing the range of 0 to approximately 6 mole %) are 
in good agreement with Rooseboom’s data for cal- 
cium chloride and with the present data for calcium 
bromide and calcium iodide (see Table I). 

A comparison of characteristics of these. three 
halides indicated that calcium bromide has many 
desirable characteristics for a low-temperature 
electrolyte (6). 


Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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Radioactive Tracers in the Study of Pitting Corrosion 
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ABSTRACT creel 
Radioactive cobalt and lead ions in solution have been used to study the distribution “ago 
of local cathodes on aluminum alloy specimens which were actively pitting, and to ere 
study the processes of film breakdown and repair on aluminum alloy specimens after Chi 
introducing them into a corrosive environment. In the study of pitting, radioactive ions i 
were introduced into the solution after pitting of the sample had proceeded for a pre -_ 
determined length of time. The tracer was then permitted to plate out onto local cath bard 
odes, and, after washing and drying, autoradiographs of the surface were prepared. bpm 
Results indicate that after a pit is a few hours old it is surrounded by a ring of cathodic onte 
surface and outside this is an annular ring of passive surface which prevents lateral 
expansion of the corrosive attack, the remainder of the surface being cathodic. In the 
study of the mechanism of film breakdown and repair, samples with different surface 
treatments were placed in the solution and radioactive ions were introduced after vari- Me 
ous predetermined times, exchange permitted to take place, samples washed and dried, heet 
and autoradiographs prepared of the surface. Results indicate that, on contact with urna 
the solution, the surface oxide film breaks down and is then repaired by reaction with et he 
the solution . 
\ ish 
; ta ; ap ¥ 
INTRODUCTION the corroding metal, is introduced into the soluti il 
p ' : it will plate out electrochemically on the local cat! se 
assive metals, such as aluminum and its alloys, mere Ne a a han 
; odes, and a determination of distribution of 
and the stainless steels are very slowly attacked even reat 


plated material will give the location of cathod 





in the presence of oxygen by such media as natural ut 

F 
00-1 
and 


ired 


; . a ; on elements. Radioactive tracers of heavy metals su 
waters and dilute solutions of fruit acids. The at- ae 

pas as lead and cobalt are ideally suited for this appli 
tack may be localized in the form of pits which can 









































; ; tion since they can be detected in trace amoun: 
perforate thin sheet with potentially serious con- Ft a 

by means of the radiation which they emit a 
sequences. P , 





hence, they may be introduced into the corros 





Several investigations have been carried out on oun 
Se : environment in only slight concentration, there! ; 
the nature of pitting corrosion, but these studies ' 




















: reducing danger of altering the cathode distributi 
have dealt with either the electrochemical nature of 6 S , 5 cial 
o by the process of measurement. Radioactive ts 
the attack (1, 2), or phenomena such as the proba- eed 
: Rpt > ; topes have been used previously in the study 
bility of pitting (3, 4), and have not been directly ; + ated - ner atu 
, . he: vt corrosion mechanisms (5, 6), and references can | 
concerned with the reason for the localization of : . ” liffe 
alle ' made to the excellent review by Simnad (7 
the attack. However, qualitative views concerning , ,! ie nith 
: as aa ei literature dealing with the use of radioisotopes 
the cause of this localization are held, and it is ro 





the study of metal surface reactions in solutio 


renerally thought to be due to an isolated break- 7 : . ee 
S ' S None of these studies has dealt with the distmbu 





down in the protective oxide film leading to localized und 






tion of cathode elements on a pitting surface, t! ae 


he 
he 


attack of the metal. If this is the case, local cathodes 





present work is concerned with the study of th» 
must be confined to an area near the pit mouth since arte ei . 
: , ? distribution on pitting aluminum surfaces, usiit 
most of the surface remains covered with an inert gag ; 
gg I (er ; radioactive isotopes of the heavy metals, lead a 
oxide film. Hence, if distribution of the cathodic : teat ATe 
: CER cobalt, and its effect on the distribution of corrosio 
elements on the surface of a pitting metal is deter- Pe Er , ‘ 
- edge Distribution was determined by preparing aut 
mined, a clue to the mechanism of the localization , ' : 
' radiographs of metal specimens after exchange 
may be obtained. gt 
ae the corroding surface with the radioisotope. 
If the ion of a metal, more electropositive than 


- 3 EXPERIMENTAL 
‘Manuscript received April 27, 1953. This paper was 


prepared for delivery before the Wrightsville Beach Meet- Materials 
ing, September 13 to 16, 1953 ~ ; ae : , "8 ; 
? Present address: % Aluminium Laboratories Limited, Che metal used in this investigation was “Sup ANG 


+} 


Box 84, Kingston, Ontario, Canada. Purity” aluminum, (99.99% Al) alloyed 





rt fi. No.8 

5! n and 0.3% silicon. The finished metal 
& ~ olied in the form of cold rolled sheet 0.064 
). th 

The :adioactive isotopes used were Co® and Pb*"° 
. the form of chloride solutions in distilled water. 
‘he activity of the solutions was 1 microcurie per 

| m! of solution and the total cation concentration 
as | ppm. 

\utoradiographs were prepared on Kodak no- 
creen X-ray film. Precautions recommended by 
Vavoda (8) for the prevention of spurious results 
rere observed. 

Chicago tap water was the corrosive medium used 
» all the work described herein. This is a moderately 
bard water with hardness reported as CaCQ, of 140 
bpm. It is filtered and chlorinated to a free chlorine 


Montent of 0.14 lb per million gallons of water. 


Procedure 
Metal samples, in the form of one-inch squares of 
heet, were annealed one-half hour at 350°C and 
urmnace cooled. They were then etched in 85% 
rthophosphoric acid at 70°C for two minutes and 
vashed in six changes of tap water. Washing in 


Bap water was necessary since it was found that using 


listilled water passivated the surface and no ex- 
hange with the tracer took place. Following this 
reatment, three types of experiment were carried 


mut 


|. Samples were immediately transferred to a 
1)-ml crystallizing dish containing 150 ml of water, 


Maid pitting was permitted to proceed for the de- 


ete 


ired length of time. On these small samples it was 
ound that pitting did not initiate spontaneously on 
nll samples, and it was necessary to initiate pits arti- 
cally so by touching the point of a dissecting 
ieedle to the surface of the metal. Comparison of 
iatural with artificially initiated pits showed no 
lifference in their cathode structures, and artificial 
nitiation was used throughout. After pitting had 
proceeded for the desired length of time, the sample 
vas removed from the water in a horizontal position 
ind 0.1 ml of the solution of radioactive tracer intro- 
luced into the film of water retained on the surface of 
he specimen. Exchange took place for ten minutes, 
he sample was washed with distilled water, dried with 
wcohol; and an autoradiograph prepared of the sur- 
face. The autoradiographic exposure employed was 
I’) hours, with one exception, which will be noted in 


the proper context. Distribution of local cathodes on 
the surfaces of samples, which had pitted for time 
per of from 6 hours to 14 days, was examined 
in this manner using both Co® and Pb?!’. 


- ‘ oarse-grained samples were etched, washed, 
posed to water for 24 hours, exchanged 


wt 0’, and autoradiographs prepared of the 
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surface to determine whether crystal structure had 
any effect on the distribution of local cathodes. 

3. Two series of nine samples each were etched 
and washed as previously described, and one set 
was immediately placed in tap water, while the 
other set was permitted to oxidize in air for 24 hours 
and was then placed in the water. Samples were then 
removed from the water after the following periods 
of immersion: 3( sec, 5 min, 10 min, 20 min, 40 min, 
90 min, 120 min, 3 hr, 24 hr. They were permitted 
to exchange with Co*® and autoradiographs pre- 
pared as described in section 1. 

This series of experiments was designed to deter- 
mine how the oxide film forms on a stripped active 
surface on immersion in a corrosive medium, and 
what happens to a protective oxide film on immer- 
sion in a corrosive medium. 


RESULTS AND DISCUSSION 


1. Fig. 1 shows autoradiographs of pits exchanged 
with Pb?!’ after pitting for six hours to fourteen 
days, while Fig. 2 shows autoradiographs of pits in 





Fig. 1 
changed with Pb*!’. Top left 
hours old; center left 
bottom left 


Autoradiographs of pits of indicated age ex- 
6 hours old; top right—24 
3 days old; center right—5 days old; 


7 days old; bottom right—14 days old 











Fig. 2 


changed with Co*®. 


Autoradiographs of pits of indicated age ex 
Top left 
3 days old; center right 


6 hours old; top right—24 


hours old: center left 5 davs old: 


bottom left 14 days old. 


7 days old; bottom right 
the same alloy and under the same conditions as 
Fig. 1 but exchanged with Co**. Local cathode dis- 
tribution is shown up in greater detail with the 
Pb*"’ than with the Co*®’, but the general pattern 
obtained is the same with both radioisotopes. It 
was not found possible to detect any correlation 
between distribution of local cathodes on the sur- 
face and any detectable feature of the structure of 
the underlying metal. 

The mouth of the pit is surrounded by an annular 
ring of cathodic surface, and about this is a ring of 
inert surface, neither anode nor cathode. The re- 
mainder of the surface is cathodic, since deposition 
of radioactive tracer had taken place over it. As 


210 


shown by the Pb*® this distribution becomes more 
sharply defined as the pit grows older. Use of Co® 
brings out this distribution at a much earlier pit 
age. 

Microscopic examination of the inert area about 
the mouth of the pit showed that it was covered with 
a thick film, presumably of hydrated aluminum 
oxide. Fig. 3 is a photomicrograph taken in this 
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Fig. 1. 


corroded, exchanged with Co. Left 


Fig. 3. Photomicrograph of inert area of 7-day old pi 


Fig. 4. Autoradiograph of coarse-grained aluminy 


ingot; right—sheet 


inert area of the sample from which the seven dy 
old pit in Fig. 1 was prepared. 

2. Specimens from which the autoradiographs @ 
Fig. 4 were prepared were cut from a large-grainel 
ingot and a sheet of high purity aluminum, respe 
tively. The latter possessed a banded texture ani 
the autoradiographs followed the general pattem ¢ 
the crystal structure. 

3. Fig. 5 shows autoradiographs prepared fro 
phosphoric acid etched samples exposed to wate 
for periods of 30 sec to 24 hr, while Fig. 6 show 
autoradiographs prepared from samples which wer 
oxidized in air previous to exposure in the water 
The normal autoradiographic exposure of 19 br 
gave negative results with the etched sample whic 
had been immersed in water 24 hr (Fig. 5) and the 
autoradiograph was given a 24-hr exposure. 

With both methods of preparation, etching an 
etching with subsequent air oxidation, the surlac 


is highly reactive on initial immersion in the wate! 


and exchanges extensively with the radioactive 1 
but, as the period of exposure increases, activ! 
decreases and after 24 hr the surface is passi 
Because of a lack of reproducibility of behav! 


from sample to sample, the sequence of changes » 
not clear cut, but this general trend has been vere 


with experiments on a large number of spec met 
ly 


It is interesting that the thin air-formed oxic | 
is not protective when the sample is immer-ed 
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pit 
a 
Fic. 5. Cobalt® autoradiographs of samples etched and 
xposed to water for the times shown. Top left—30 sec; 
op center—5 min; top right—10 min; center left—20 min; 
enter center—40 min; center right—90 min; bottom left 
%) min; bottom center—3 hours; bottom right—24 hours. 
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lac Fic. 6. Cobalt ® autoradiographs of samples, etched, air 
ater oxidized, and exposed to water for times shown. Top left 
ion Mae’. SC; Lop center—5 min; top right—10 min; center left 
sits 20 n enter center—40 min; center right—90 min; bottom 
I ) min; bottom eenter—3 hr; bottom right—24 hr. 
; 
viol He the water, but either breaks down and then repairs 
$ Its reaction with the corrosive medium, or 
he else » thin that it permits the passage of electrical 
e| Cur and allows some corrosion to take place. 
film fmm -* | us publication (9) has dealt with a probable 
me 


sm of pitting corrosion in aluminum and 
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this may be amplified here in view of the present 
findings. In addition, Edeleanu and Evans (10) 
discuss a view of pitting corrosion which is in essen- 
tial agreement with the present work. 

When the specimen is immersed in the water any 
air-formed film present on its surface breaks down 
and general corrosion ensues, with anodic and cath- 
odic reactions taking place at neighboring sites over 
the surface. These reactions result in the formation 
of alkali at the cathodes and in the passage of alu- 
minum into solution at the anodes as aluminum ions. 
These aluminum ions hydrolyze, forming alumina 
with a resultant decrease in the pH of the solution. 
In time, the alkaline cathodic products of reaction 
and the acid products of reaction intermingle as a 
result of diffusion and convection; the pH of the 
anodic solution rises and when the solubility product 
of the alumina is exceeded it precipitates from 
solution. If the alumina is precipitated as an ad- 
herent protective film on the surface of the metal, 
corrosion reaction is stifled and the metal becomes 
passive as shown by the 24-hr autoradiographs 
of Fig. 5 and 6. However, if the surface is incom- 
pletely covered, the anodic and cathodic reactions 
are separated, precipitation of a film then takes 
place in the area between them, the anodic attack is 
localized, and a pit forms. As Fig. 1 shows, the con- 
figuration of local cathodes and of the passive localiz- 
ing film about the anode take up circular symmetry, 
and in a sense the localization of the attack becomes 
autocatalytic. 
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phase in the same reagent. 


INTRODUCTION 


Preparation of metallic specimens for metallo- 
graphic examination involves use of well-established 
polishing and etching techniques (1). Innumerable 
etching reagents described in the literature have all 
been evolved through methods of trial and error, 
since the existing understanding of mechanisms of 
etching processes is not sufficiently precise to permit 
prediction of appropriate compositions. Inasmuch 
as metallographic etching in the usual sense consists 
of reaction between a polished metal surface and a 
liquid reagent resulting in alteration of the polished 
surface, the process is essentially one of controlled 
corrosion, and knowledge provided by the extensive 
literature of corrosion research (2, 3) gives a rational 
clue to mechanisms of etching. However, details 
must still be determined, and this communication 
is the first of a series dealing with these details. 

Corrosion (and hence etching) proceeds by elec- 
trolytic action attending structural differences that 
exist on the specimen surface. Some discrete sur- 
face portions are anodic to others and, in conse- 
quence, suffer dissolution electrolytically under ap- 
propriate circumstances. In pure metals and in 
single phase alloys an electrolytic potential (polar- 
ized) is established grains of different 
orientation, between the matrix and tramp second- 


between 


ary phases, between grain boundaries and grains 
proper, and along concentration gradients in hetero- 
geneous single phase alloys. In multiple phase alloys 
there exists in addition a sharp difference in com- 
position between structural phases. 

To determine the influence of surface structure 
variations on electrolytic reactivity during etching, 
potential generated during the process is measured 
at the various types of sites described. In this re- 
search an alpha-beta brass of appropriate composi- 

' Manuscript received August 3, 1953. 

* Present Address: Department of Chemistry, Harpur 
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The Mechanism of Metallographic Etching 


I. The Reaction Potentials of a Two-Phase Brass in Various Etching Reagents 


GrorGce L. Kent anp Max Mettay’? 


School of Mines, Columbia University, New York, New York 


ABSTRACT 


Potentials generated by reaction of portions of small, single grains of each of the two 
phases of alpha-beta brass with various etching solutions have been measured. The po- 
tential of beta phase is consistently 0.01 to 0.03 volt more anodic than that of the alpha 


tion is used as the material of interest, and pote 
tials of each phase measured independently duriy 
etching in a variety of conventional etching reagen\: 
In principle this is accomplished by isolating a po 
tion of one phase on the surface of a metallograp! 

specimen, and protecting the remaining surface fro 
the etching reagent by a covering of insulating res 

The exposed surface portion is allowed to react wit! 
the etching reagent, and the potential generated 

measured with respect to a saturated calomel « 

By making a large number of independent measur 
ments on each phase during etching, average relatiy 
potentials of the two phases during reaction ean \y 
determined. Potential so measured is essentially th 
polarized potential attending local anodes and cat! 
odes existing on the isolated surface area. Su 

metallographic etching generally takes place with 

a period of a few seconds toa few minutes, potentia: 
at short times are of greatest interest. These an 
best obtained by use of a rapid recording pot 

tiometer. 


EXPERIMENTAL 
Specimens 


The metal used in this study is a commer 
alpha-beta brass, or Muntz metal, of compositi 
60.75% copper, 38.55% zine, remainder manganes 
iron, silicon, and lead. Specimens were heated | 
855°C for 15 min in argon and furnace cooled | 
enlarge grain size and to provide a nearly equilibriun 
structure. 

Specimens are mounted in Bakelite by standar 
metallographic mounting methods. Both ends o! 
cylindrical mount are ground flat until the specim 
is exposed. One side of the specimen is drilled au 
tapped; the other is ground and polished for meta 
lographic examination. The specimen is very slight! 
relief-polished to reveal the structure, then coate 
with resin as described below. Mechanical suppor 
for the specimen, which also serves as the electric 
contact, consists of a 3¢ in. diameter brass rod a? 
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y threaded to fit into the tapped hole in 


nen. 
Coating Technique 


In order to make emf measurements on each phase, 
is necessary to coat the entire specimen surface 
ith a protective coating, except a portion of that 
hase whose potential is to be measured. 

\ previous method (4) for achieving this consisted 
creating a hole with a specially shaped needle in 
covering film of ethylcellulose applied to the speci- 
yen surface. This method has the disadvantage that 
he metal surface thus exposed may be cold worked 
» a degree significant with respect to subsequent 
potential measurements. 

Two resin formulations have been used in these 
xperiments, formulation No. I based on Epon resin 
001, and formulation No. Il based on Vinylite 
esin VMCH. Formulation No. I has the advantage 
hat it is extremely resistant chemically, and the 
jisadvantage that it must be allowed to set over- 
ight and that the minimum are: 
lightly larger than with formulation No. II. The 


left exposed is 


atter formulation has the advantage of setting within 
nn hour of coating, but is not quite as resistant 
‘hemically as No. I, and thus is not always successful 
n protecting the specimen, especially in longer runs. 
Mesults given in this communication were obtained 
vith No. I, while No. II was used in subsequent ex- 
periments to be reported. 


‘ormulation No. I.—Stock solution: Epon 1001* or 


Devran 65'—6 parts by weight; acetone—1 part; 
toluene—l part. Catalyst solution: diethylene 
triamine—1l0%; acetone—45 %; toluene—45 %. 


Just before use, one part of catalyst solution is 
thoroughly mixed with two parts resin solution. 
his coating must be allowed to set overnight. It 
can be removed by soaking in acetone, then scraping 
with a dull instrument. 


Formulation No. IT.-Vinylite resin VMCH? is mixed 
little 
acetone is added until viscosity and flow properties 


of the mixture are adjudged satisfactory. This coating 


pwill set in about one hour, and can be removed by 


swabbing with acetone. 
Kither resin formulation is applied by placing : 


Jew drops on the Bakelite mount around the speci- 


men edges and it is subsequently distributed over the 


surlace by means of a spade-like tool actuated by a 


micromanipulator. A piece of Saran tubing cut to an 
appropriate shape and attached to an applicator 
Vroduet of the Shell Chemical Company. 
uct of the Devoe Reynolds Company. 
uct of the Bakelite Division, Union Carbide and 
Cn 
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Ria. 1 
except for an isolated portion of the beta phase (triangular 
Iixposed area unetched. 150X. 


Surface of alpha-beta brass as coated with resin 


area) 





Fig. 2. 


is etched and the resin coating removed 


Same as Fig. 1, except exposed area of beta phase 
150X. 

stick has been found convenient to serve as the 
distributing tool. During coating the specimen is 
observed by means of a low power microscope, so that 
the area to be left exposed can be kept free of resin, 
and the remainder of the sample can be thoroughly 
covered. A typical example of a coated specimen is 
shown in Fig. 1. The same specimen, after etching 
and removal of the resin coating, is shown in Fig. 2. 


Apparatus 


The electrical system used to measure electrode 
potentials consists of a Leeds and Northrup Type 
K-2 potentiometer with a Speedomax recording 

g 


potentiometer connected across its galvanometer 
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leads. This system allows potential to be read as the 
sum of potentials indicated by the Type K-2 poten- 
tiometer and by the recorder. Therefore, the po- 
tentiometer is kept adjusted to supply a voltage 
within 50 millivolts of the reaction cell, so that the 
resultant emf remains within the recorder range. The 
recorder has a full scale travel time of two seconds, 
and is actuated at about 50 microvolts unbalance, 
with current drain of about 7 X 10-* amp. This 
small order of current drain does not appreciably 
polarize the electrodes of the system, but if the emf 
is changing rapidly as it does at onset of the re- 
action, some external polarization undoubtedly takes 
place. 

A saturated calomel cell is employed as the stand- 
ard reference electrode. The design is conventional, 
except that a fritted glass disk of fine porosity sepa- 
rates the saturated KCl! from the etching reagent. 


Reagents 


The reagents used in this study were in general 
the common etching reagents for brass (1): 

{1] Ferric chloride reagent No. 1: 1 part FeCl,, 
10 parts cone. HCl, 113 parts H,O; [2] ferric chloride 
reagent No. 2: 1 part FeCl;, 10 parts cone. HCl, 20 
parts H.O; [3] ferric chloride reagent No. 3: 1 part 
FeCl, 1 part cone. HCI, 4 parts H.O; [4] ammonium 
hydroxide—hydrogen peroxide reagent: 1 part conc. 
NH,OH, 1 part 3% H,O2, 1 part H.O; [5] copper 
ammonium chloride reagent: 10 % copper ammonium 
chloride in water, plus NH,OH to basicity; [6] am- 
monium persulfate reagent: 10% (NH4,4)S.Os in 
water; [7] ammonium persulfate—ammonium hy- 
droxide reagent: 1.25 g (NH4)S:O;, 25 ce conc. 
NH,OH, 75 ce H-.O; [8] ammonium hydroxide re- 
agent: 1 part cone. NH,OH, 2 parts H,O; [9] chromic 
acid reagent 





10% CrO; in water, plus one drop 





Range in potential, v 
Reagent® 
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TABLE J. Potentials of isolated alpha and beta phases in 60-40 brass in various etching reagents, 


in reference to a saturated calomel electrode of 25°C 


Ma ch 195; 


conc. HCl for each 25 ce reagent, added imm. digi, 
before use. ? 







Measurements 





The reaction cell containing the etching reage,, 
and the calomel cell are immersed in a thermosty. 
ically controlled water bath at 25°C. The frittsj 
disk is immersed in the reagent one or two minut« 
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Fic. 3. Emf of isolated areas of alpha or beta brass 
saturated calomel scale vs. time. Each curve is identifi 
by number of the reagent, as listed in text, and by |! 
phase exposed to reagent. 






Usual potential spread in a single 


Average 5 ial. v 
run, v Average potentia 





Alpha Beta Alpha Beta Alpha | Beta 
1. FeCl, No. 1° —0.17 to —0.20 |—0.17 to —0.20 0.005 0.05 to?d.1 —0.185 |—0.19 to —0.- 
2. FeCl, No. 2 —0).245 to —0. 265 |—0.282 to —0.295 |0.002 to 0.01 |0.005 | —0.256 |—0.293 
3. FeCl; No. 3 —0.175 to —0.193|—0.20 to —0.29 |0.005 0.005 | ~0.180 |—0.20 
t. NH.OH-H.O. -~0.41 to —0.45 |—0.45 to —0.48 | | 
5. Cu(NH,)-Ch —0.26 to —0.27 |—0.28 to —0.29 \0.002 0.002 —0.267 |—0.288 
6. (NHy) 820s —0.04 to —0.08 |—0.07 to —0.11 10.01 to 0.03 0.03 | —0.06 |—0.08 
7. (NH,).8.0;-NH,OH —0.50 to —0.53 |-0.K44 to —0.55 (0.01 to 0.03 0.01 to 0.03 | —0.53 —0.545 
8. NH,OH —().62 —0.64 to —0.68 | —0.62 |—0.65 
9. CrO; 0.080 to 0.098 0.033 to 


* Reagents are described more fully in the text. 


’ The potential for beta brass in this reagent rose gradually with time. Average potentials given indicate the rang 


0.068,0.005 to 0.015)0.005 to 0.015 0.094 | 0.048 


yf the 


start of the runs. After about 10 min., the potential is about —0.25 to —0.27 volt. 
¢ NH,OH-H.O, reagent gave very erratic results due to rapid formation of gas bubbles on the metal surface. Po: enti 


varied rapidly and erratically over 50 to 100 mv, and more. Values given may be considered an informed guess. 
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befor: (he specimen is to be immersed. The poten- 
tiomeicr is set at some emf value, determined ap- 
proximately by an initial trial, electrical connections 
are made, and the mounted specimen is immersed 
in etching reagent. Care is taken that the top of the 
mount and the supporting rod remain out of contact 
with the reagent. The potential difference between 
specimen and calomel cell is then recorded by the 
Speedomax recorder. When it appears that the po- 
tential is changing so that it will no longer be within 
the recorder range, the potentiometer slide wire is 
reset to keep recorded potential within the instru- 
ment’s range. True measured potential is then the 
sum of the potentiometer setting and the potential 
indicated by the recorder. 
RESULTS 

A summary of results of potential measurements 
is given in Table |. For each reagent, the following 
information is given for each phase: (a) range of 
potential (with respect to saturated calomel) in 
volts, over all runs; (b) usual variation of potential 
ina single run; and (c) probable value of the poten- 
tial in volts. 

Fig. 3 shows variation of potential with time for 
several representative experiments with various 
etching reagents. Each curve is identified by the 
reagent number, as in the description above, and by 
the phase exposed. 

DIscUSSION 

It can be seen from inspection of Table I that an 
appreciable difference exists between reaction po- 
tentials of alpha and beta phases, generally in the 
range of 0.01 to 0.03 volt, with beta always anodic 
to alpha. Since the beta phase is rich in zine com- 
pared to the alpha, this behavior can reasonably be 
expected. The consistent small difference in emf 
seems to indicate, at least for the system under con- 
sideration, that if the phases were to be coupled, 
etching would proceed in part by galvanic action 
with the beta phase anodic to the alpha phase. Data 
supporting this statement will be included in a forth- 
coming communication relative to closed circuit 
potential measurements between the two phases. 

\n attempt to obtain data of the same kind for 
other systems showed that the magnitude of poten- 
tial difference between anode and cathode depends, 
among other factors, on the dissimilarity of elec- 
(rodes, as expected. At one extreme, that is, using 
similar electrodes, some attempts were made to de- 
termine reaction potentials of grain centers and 
grain boundaries of a small-grained single phase 


40-10 alpha brass in ferric chloride reagent No. 1. 
He tching is characterized by preferential dis- 
SO | at grain boundary regions. 

ls eriments indicate that grain boundaries are 


(o the grains proper, although techniques were 


not sufficiently sensitive to determine the difference 
with any accuracy. However, for other metals, it has 
been shown in several cases that grain boundaries 
are anodic to grain centers; for example, high purity 
(99.986 %) aluminum in 20% HCl (5), 70-30 brass 
in 1% NH,OH (6). 

At the other extreme, potential measurements 
were made on an alloy possessing phases greatly 
dissimilar. Cadmium and bismuth are practically 
insoluble in each other in the solid state, and, as a 
consequence, alloys of this system consist essentially 
of two pure-metal phases. These alloys can be etched 
by means of a reagent consisting of one part kL, 
three parts KI, and ten parts H.O. This reagent 
preferentially attacks and darkens the cadmium 
phase. Measurements on selected compositions indi- 
cated the bismuth phase to have a potential of 
—0.09 + 0.02 volt with respect toa saturated calomel 
electrode, while the corresponding potential for 
cadmium was —0.825 + 0.001 volt, cadmium there- 
fore being 0.735 volt anodic to bismuth. 

All etching reagents employed in etching of alpha- 
beta brass, with the exception of ammonium hy- 
droxide-hydrogen peroxide (reagent No. 4), have 
the characteristic of attacking the beta phase prefer- 
entially and darkening it metallographically relative 
to the alpha phase. As noted in Table I, emf values 
given for the ammonium hydroxide-hydrogen per- 
oxide reagent can be considered only an informed 
guess, since there was a wide, rapid, and erratic 
variation of recorded potential, undoubtedly due to 
formation of oxygen bubbles on the metal surface. 
It is unfortunate that this situation exists, since it 
would be interesting to compare emf values in re- 
agents which have opposite etching effects on the 
same alloy. 


ACKNOWLEDGMENTS 


This research was made possible through support 
of the Atomic Energy Commission under Contract 
AT-(30-1)-1006. 

The assistance of Dr. Erica Wasilewski and of 
Mr. Arthur Bauer with the experimental work is 
gratefully acknowledged. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAI 

REFERENCES 

1. G. L. Kent, “Principles of Metallographic Laboratory 
Practice,.’’ MeGraw-Hill Book Co., Inec.. New York 
(1949). 

2. H. H. Unuie, Editor, ‘Corrosion Handbook,’ John 
Wiley & Sons, Inc., New York (1948). 

3. R. B. Mears, This Journal, 97, 316 (1950). 

4. L. W. Surra anv V. J. PINGEL, tbid., 98, 48 (1951 

5. k. H. Dix, Jr., Trans. Am. Inst. Mining Met. Engrs., 
137, 21 (1940). 

6. R. B. Mears anp R. H. Brown, Ind. Eng. Chem., 33, 
1OOL (1941). 

















microbalance technique. The data are compared to previous studies in the literature 
and with other metals. Oxidation data are interpreted in terms of the parabolic rate 


law and classical theory of diffusion 


Large deviations from the parabolic rate law are found to occur during the initial 
stages of reaction and smaller deviations over long periods of time, especially at low 
temperatures. However, reasonable values of heat and entropy of activation for the 
over-all reaction can be calculated; these are 41,200 cal/mole and —6.0 entropy units 


(eu), respectively 
700°C are given by 


A=z38 X 








The negative value for entropy of activation for the over-all reaction when corrected 
for entropy of formation of the vacancies leads to a value of 1.5 for entropy of activation 
for diffusion. Theoretical considerations suggest that the latter term should have a 
value of 1.7-3.3 eu. The good agreement between theoretical and experimental entropies 
of activation suggests that diffusion is occurring largely through the lattice of nickel 
oxide and not at grain boundaries, at least for the temperature and time region over 


which analyses were made 


A comparison of present data with older studies in the literature shows a large varia 


tion in parabolic rate law constants. These variations are interpreted in terms of im 


INTRODUCTION 


Che work reported in this paper is part of a larger 
study on the mechanism of oxidation of nickel- 
chromium and nickel-chromium-iron alloys at high 
temperatures. To interpret oxidation of practical 
metals containing impurities and alloys, it is neces- 
sary to have detailed knowledge of rates of oxidation 
of high purity metals. Several studies have already 
been reported (1-5). 

A number of studies have been made on oxidation 
of nickel of widely varying purity at temperatures 
above 600°C (6-8). These results were summarized 
in a paper by Kubaschewsky and Goldbeck (9) and 
correlated with their own measurements. This study 
shows variations of 100 in values found for the 
parabolic rate law constant at a given temperature. 

Using a volumetric method, Moore (10) studied 
oxidation of 99.9% pure nickel over the temperature 
range of 400°-900°C. The parabolic rate law was 
found to represent the data, with the rate constant 
being given as 


A= 308 X ID Se Sere? cm’ soc. 


Moore’s values for A differ from those summarized 


‘Manuscript received November 3, 1952. This paper 


was prepared for delivery before the Montreal Meeting,, 


October 26 to 30, 1952 


The Kineties of Oxidation of High Purity Nickel’ 


Kk. A. GULBRANSEN AND K. F. ANDREW 


Westinghouse Research Laboratories, East Pitisburgh, Pennsylvania 


ABSTRACT 


The effect of time, temperature, and surface pretreatment on rate of oxidation of 
high purity nickel is studied for the temperature range of 400 


Parabolic rate law constants over the temperature range of 550° 


10> *e7 4! 2" R Tem? /sec. 


purities increasing the concentration of nickel ion vacancies 














750°C using a vacuum 




































by Kubaschewsky and Goldbeck (9) by a facto 
20 to 2000. 


In a recent work, Campbell and Thomas 






found that time dependence of the oxidation rat’ 





nickel in the temperature range up to 302°C co 





be fitted by a logarithmic rate law. Deviations fro 





a parabolic rate law were explained on the basis 





a space charge set up in very thin films. 





A comparison of the various studies (9, 10) sugges 





a strong influence of alloying elements, impuritie 





and contaminants in the gas atmosphere. The ! 





that other surface reactions of nickel are difficult 






reproduce in both liquid (12) and gaseous medi: » 





probably related to these same factors. 








Evidence exists to show that certain alloy 
elements affect the rate of oxidation of nick 
Wagner and Zimens (6) have shown that ti 






parabolic rate law constant of nickel is increas 





by addition of chromium and manganese. Accordilit 





to Horn (13), the oxidation rate constant for a 4 





chromium-nickel alloy is increased by a factor ol |! 





Increase in rate is explained on the basis ol : 





increase in number of nickel ion vacancies. Abo 





6%, the rate of reaction is found to decrease. 
Lithium, on the other hand, is found to decreas 
the oxidation rate constant. This is repor!ed 
Hauffe and Pfeiffer (14) in a study of effeet of Liu 
in vapor state on rate of oxidation in air. Oth 
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lem as impurities or in the gas atmosphere, 
‘J hac their characteristic effects depending upon 
heir uarge, size of ion, electronegativity, and 
olubil Ye ; wh 

\Ilo, ing elements and impurities in the metal or 


mosphere may have an additional effect on the 
ourse of oxidation. Thus, if impurity or alloying 
loment concentration changes during the reaction, 
snd if vacancies of nickel ions in oxide are sensitive 
» the particular impurity, the parabolic rate law 
.onstant will change during the experiment. Wagner 
snd Zimens (6) found in a study of nickel at 1000°C 
Bhat the parabolic rate law constant decreased as 
he oxidation progressed. 

The oxide formed on nickel over the temperature 
ange of 300°-700°C was studied by Gulbransen and 
Hickman (15) and found to be NiO. Wyckoff (16) 
ives the structure of NiO as a unimolecular rhom- 
wohedron with ag = 2.9459 A. Rooksby (17) found 

i) to be rhombohedral at 18° and face-centered 
ubie at 275°C, with ag = 4.1946. 

Nickel forms the stable oxide NiO in the tem- 
of this work. Thermodynamic 
‘alculations show that at 1000°C the decomposition 


Perature range 
pressure of oxygen over nickel oxide and nickel is 
10) atmospheres. The surface oxide, however, is 
readily reduced by hydrogen from a thermodynamic 

Spoint of view at temperatures of 400° to 1000°C. 

B The purpose of this work is (a) to determine the 

Mtime and temperature dependence of the rate of 
oxidation and how these values are affected by 

Bpretreatment and initial oxide formation, (b) to 
evaluate from this information the heat, entropy, 
und free energy of activation of the rate-determining 
process and to compare these values with other 
metals and alloys, and (c) to point out physical and 
chemical factors in the oxide and metal affecting 

Bthe mechanism of reaction. 


APPARATUS AND MetTHop 


\ll of the kinetic measurements were made using 
the vacuum microbalance and associated equip- 
ment (18, 19). The sensitivity of the balance was 


®.! micrograms per division (0.001 cm) and weight 


change could be estimated to 0.25 micrograms. The 
vactlum system and associated equipment have been 
described (19, 20, 21). A mullite furnace tube which 
pas sealed directly to the all-glass vacuum system 
WAS A 
of Hg or lower were achieved over the entire tem- 
perat range. 


used. McLeod gauge pressures of 10~° mm 


he oxygen purification system has been de- 
scribed (18), 

> specimens were supported by a 2-mil 
hicke’ hromium alloy wire from the balance, a 
Hires easurement of specimen temperature was 
mpr al. Temperature was measured using a 
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TABLE I. Spectrographic analyses of nickel 


Element Sponge, % Strip, % 
Cu 0.001 <0 .0004 
Ag <0.0002 <0.0002 
Mg 0.0002 0 .0001-0 .0005 
Si 0.0005 0 .0005-0 .001 
Fe 0.0002 0 .0005-0 .001 
Mn 0.00010 .001 
Co None 0 .0002—) .002 
Ca — 0 .00005-0 .0001 
Al None 0 .0002-0 .002 


platinum and platinum-10% rhodium thermocouple 
which was fastened to the mullite tube, the head of 
the couple being at the center of the length of the 
specimen. Temperature was controlled by an L&N 
Speedomax controller to within +2°C. 
Samples.—Samples were prepared from 0.013-cm 
thick high purity strip purchased from Johnson, 
Mathey and Company, London. Table I shows the 
spectrographic analyses of nickel 
which the strip was rolled. 


sponge from 

The following specimen preparations were used: 
Semidegassed abraded specimens.—Specimens were 
abraded through 4/0 polishing paper. The last two 
steps were made under purified kerosene. Specimens 
were then washed successively with soap and water, 
distilled water, ether, and absolute 
alcohol, and heated to the experimental tempera- 
ture in a vacuum of 10-* mm of Hg. Since they 
undergo degassing in this treatment, these samples 
are noted as semidegassed abraded specimens. 


petroleum 


Vacuum annealed specimens~—Abraded specimens 
were annealed in a vacuum of 10-° mm of Hg at 
950°C for 24 hr and then lightly abraded under 
purified kerosene with 2/0 and 4 0 polishing papers. 
These are noted as degassed or vacuum annealed 
specimens. 
Electropolished and hydrogen annealed. —Unabraded 
specimens were placed in a glycerol sulfuric acid 
bath at 62°C for 4 min at a current density of 1 
amp/in.2 Specimens were then washed in distilled 
water and heated for 12 hr at 900°C in a hydrogen 
furnace. 

All specimens weighed 0.6830 gram and_ had 
surface areas of about 10 em*. All samples were 
stored in a desiccator. 


RESULTS 
High Vacuum Reaction 


Behavior of nickel specimens in high vacuum was 
studied as a function of temperature to test (a) the 
quantity and composition of gas given off on heating 
to test temperature, and (b) extent of oxidation on 
heating to test temperature. 
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Fic. 1. Vacuum behavior of Ni 230°-952°C, vacuum < 
10-* mm of Hg 


Fig. | shows the weight loss vs. time curve for the 


vacuum heating of an abraded specimen from room 
temperature to 952°C. The gas liberated on heating 
to 952°C weighed 6.8 micrograms/cm?. This cor- 
responds to a weight percentage of 100 ppm. A 
mass spectrometer analysis of the gas showed a mass 
peak at 28 which indicated that the gas was either 
CO or Ne, but the small amount of gas available 
made it impossible to determine which. This experi- 
ment suggested that CO or N» was the largest im- 
purity in the metal, and that experiments should 
be made to test the effect of gas content on rate of 
reaction, 

A visual examination of the specimen showed no 
evidence of an appreciable oxide film as judged by 
its temper colors. Electron diffraction analyses 
showed a pattern of nickel and nickel oxide which 
suggested that the film was very thin. The oxide 
formed on heating over a period of 10-20 min to 
the test temperature would be much less than that 
formed in this test. 


Reaction with Oxygen 


The reaction was studied as a function of time, 
temperature, gas content, surface preparation, and 
preoxidation. Results are shown in Fig. 2-10. 
Weight change was calculated in micrograms/cm?* 
with thickness of oxide being related to weight gain 
by the relation: 1 microgram/em? = 62.9 A. This 
was based on the assumptions that surface rough- 
ness ratio = | and that the oxide was NiO. 

Time and iemperature.—F ig. 2 shows the effect of 
time and temperature on rate of oxidation of semi- 
degassed specimens at an oxygen pressure of 7.6 
em of Hg over the temperature range of 400° 
750°C and over a period of oxidation of 6 hr. In 
order to test the time variation of the parabolic rate 
law constant, experiments in the temperature range 
of 400°-550°C were made over a 30-hr_ period. 
The shapes of the oxidation curves in Fig. 2 are 


100 


Fig. 2. Effect of temperature 400 
lL atm Oz. 


nickel, 0 
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Thickness 


100 150 


200 
TIME (Mi 


crystallites 








) 


250 300 


Color 


Light blue 


Temp, °C 
pe/cm? Alp 1)° 
100 7.15 150 Gray 
$25 11.05 695 
15) 8.25 519 Blue 
175 16.7 1050 Gray 
500 16.7 1050 Gray 
550 30.6 1920 Gray 
600 33.8 2120 Gray 
650 56.9 3580 Gray 
700 =-:107.2 6750 Gray 
750 109.0 6850 Gray 
* Surface roughness ratio = 1. 
similar to those found with 


A strong temperature dependence is noted. 


mottled 


Oxide film thickness vs. oxide colo 


with 


TOPCO, OX1datior 


other metals (1-3 


The colors of the oxides formed in the oxidat 


of nickel were not well developed for this thicknes 


range. Table II shows a correlation of oxide co 


and thickness of the oxide. No evidence was fou 


for cracking of oxide film during the reaction or 


cooling. 


Parabolic rate 


rate laws have been suggested to explain the tim 
behavior of oxidation. The parabolic rate law base 


law correlation. 


Many empiri 










on principles of formation and diffusion of nickel ¥ 


lattice defects has been the most successful equaty 


for explaining oxidation. The equation states tha’ 
W? = At + C. Here W is the weight gain, ¢ is t) 


time, and A and C are constants. 


To test agreement of the experiments with theor! 


plots were made of the square of weight gain ' 


time. Fig. 3 and 4 show two such plots for th 
175° and 650°C runs. The 475°C plot shows tl 


slope or parabolic rate law constant A continua 
decreasing with time, while the 650°C plot s 


smaller 


effect. 


Results in Table II are in agreement w 
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with 


time. 
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Fig. 3. Oxidation of Ni 475°C—0.1 atm Os». Parabolic 
i-2hr A = 5.33 X 107'5; 3-6 hr A = 2.862 X 107'5; 
4-30 hr A = 1.385 XK 107°. 


ork of Wagner and Zimens (6) who found a 
jmilar behavior at 1000°C. The parabolic rate law 
in be fitted approximately to the data in the tem- 
750°C, while below 600°C 
is impossible to make a reasonable fit. Experi- 


perature range of 600 


mentally, one must conclude that certain factors are 


operating between the metal and oxide which 
mprove protective properties of the metal. 
lemperature dependence—The temperature de- 


pendence of the rate of oxidation has been inter- 
preted by the Arrhenius law and the transition state 
theory (21). In previous papers the transition state 
theory was used for calculating entropy and heat of 

tivation of the rate-controlling process. Since 
partition functions of the activated complex and 
normal lattice site were used in developing the 
theory, the free energy of activation AF* was not 
defined by a physical process. 

Following Zener’s (22) restatement of the classical 
theory of diffusion, it was possible to clarify the 
processes involved in oxidation. In this theory, free 
energy of activation of diffusion, AF*, was defined 
by the work required to produce a given distortion 

the lattice. This enables one to apply rigorous 
thermodynamic operations on AF* and to interpret 
the entropies and heats of activation. In this sense, 
the classical theory (22) has an advantage over the 
lransition state theory, although the final equations 
are similar, 


> . ° . . . 
Processes occurring in oxidation are of two types: 
thermodynamic processes, such as the formation of 


vacancies which involves the free energy of forma- 


+) 
10] 


a vacancy, and rate processes, such as dif- 


IUSIO 


Thern 


which involve a free energy of activation. 
<lynamie functions for the rate processes are 
designated by an asterisk. 

The theory of oxidation developed in an earlier 
paper 21) is used as a basis for deriving an equation 


lor th parabolie rate law constant, A. The classical 
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D, and the thermodynamic equilibria equations for 
the concentration of vacancies assuming the va- 
cancies are formed by solution of oxygen in the NiO 
lattice. 


2yva 


A= — 
4 ; 


QN (po." ) o° 48° 3+ A8*) a (AH® /3+AH*)/RT (1] 
Here AS°/3 is the standard entropy of formation of 
a vacancy and AS* is the entropy of activation of 
diffusion; AH°/3 is the standard heat of formation 
of a vacancy, and AH* is the heat of activation of 
diffusion; a is the distance between diffusion sites, 
v is the frequency of vibration along the direction 
leading across the saddle configuration; Q2 is the 
volume of oxide formed per ion; NV is the number of 
ions per cm®; & is the gas constant; 7 the temper- 
ature; y a coefficient determined by the geometry 
of the atomic jumps; and p is the pressure of oxygen. 
For diffusion in a 
lattice, y = 1. 


vacancy face-centered cubic 

Although yv has usually been given a value of 10" 
vibrations per second, a better value can be obtained 
from the characteristic Debye temperature. Assump- 
tions made and details of the calculations are given 
in Appendix I. The results show a value of 8.5 X 
10° vibrations/sec for the Nit*—-Ni*+* bond in 
NiO. Calculations of Appendix II show that presence 
of a vacancy has only a minor effect on vibration 
frequencies of oxygen ions in the NiO lattice. A 
similar small effect would be expected for the Nit*+— 
Ni** bond. The normal lattice distance between 
Nit++—Ni*, 2.96 A, 

Errers in choosing v and a are less than experi- 
mental errors in the calculation of (AH°/3 + AH*) 
from the data. 


is used for a. 


Substituting the values of the constants, equation 
[1] becomes 
~ = —3 (48°/3+AS*)/R —(AH®9/3+AH*)/RT7 
1=75 X10 “« e' [2] 
Using this equation, the sums (AH°/3 + AH*) and 
(AS°/3 + AS*) are obtained. Unfortunately, there is 
no way to determine the separate quantities within 
the sums from oxidation studies alone. However, 
the entropy of formation of the vacancies can be 
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41,200 cal/mole. 


calculated, and it is therefore possible to evaluate 
AS*. Values calculated from experimental data can 
be compared with values calculated theoretically 
from thermodynamic considerations. Such a com- 
parison makes possible the testing of the mechanism 
of vacancy formation and, in a larger sense, the 
reaction mechanism. 

Fig. 5 shows a plot of the logarithm of A vs. 1/T. 
Since the rate constants change with time, these 
tabulated for the 
time periods of 1-2 hr, 3-6 hr, and in the lower 
temperature range at 24-30 hr. As was previously 
noted, a large uncertainty was found for the A 
values below 550°C. The data can be fitted by a 
straight line above 550°C. Below 550°C the time 


constants were evaluated and 


variation of A makes it impossible to determine the 
slope. However, values of A determined in the time 
range of 24-30 hr approach values given by an ex- 
trapolation of the straight line. 


A heat of activation of 41,200 cal/mole was cal- 
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TABLE III. Parabolic rate law constants, entropies, heats, and free energies of activation 
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culated from the slope for the temperature rang 
500°-700°C.. This value is nearly in agreement wi 
the work of Moore (10). 

The temperature independent factors, « 
were evaluated from equation [2]. Table IIT show: 
summary of values of the parabolic rate law « 
stants for 1-2 3-6 hr oxidation 
average value of the parabolic rate law constants | 


(48° /3+ 48° 


hr and 


the two periods, and heats, entropies, and fn 
energies of the rate-controlling process in oxid 
tion of nickel. Negative entropy values of —5.) 
to —6.47 were calculated. 
Comparison with the literature —Fig. 6 shows 
comparison of log A vs. 1/7 with other values in t! 
literature. The curves given by Kubaschewsky : 
Goldbeck (9) summarizing older work at high ten 
peratures were included. Where possible, the origi 
source of data was given. Results of this study dif 
by a factor of 10 to 1000 from older results. Ho 
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over, agreement with recent work by Moore (10) 
» teaperature dependence is good. In absolute 
alue. the present work gives values differing by a 
eto. of 2.5 from those given by Moore. Since 
\loore used preoxidized samples in an attempt to 
eliminate the initial part of the reaction, the dif- 
rence between results is in the right direction. 
he effect of preoxidation on reaction rate is dis- 
issed later. 

The reason for wide deviation in results is prob- 
bly due to impurities present (13) in many samples 
(nickel used and in the method of surface prepa- 
tion. The effect of impurities is to increase or 
lecrease the number of vacancies and thus the rate 
| oxidation, the particular effect depending upon 
ize, charge, and electronegativity of the added ion. 

Horn (13) has shown that Th, Zr, Nb, Ce, W, 

Ca, Au, Cr, Mn, Ta, Mo, Cu, Al, and Si increase 
the rate of reaction at 900°C. Ilowever, to study the 
fect of impurities from a fundamental point of 

ew, it is necessary to measure the rate of reaction 
series of compositions of one alloying component 

a number of temperatures in order to see the 
ect of (AH® 3 + AH*) 


impurities on and 
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\ comparison of the oxidation of Ni, Cr, and 
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Oxidation of Ni 600°C—0.1 atm O.. Curve A 


leg curve B-—semidegassed 


KINETICS OF OXIDATION OF NICKEL 133 


(AS°/3 + AS*). If the formation of 
vacancies is changed by addition of impurities, 
AH°/3 and AS®/3 of the formation process would 
change because of the different mechanism in- 
volved, while AH* and AS* of diffusion should not 
be so greatly affected. 

Comparison with other metals.—Fig. 7 shows a 
comparison of rate of oxdiation of nickel, chromium, 
and 80-Ni, 20-Cr alloy at 700°C and 0.1 atm of oxy- 
gen. In order of increasing rate of reaction the metals 
show the following relation: 80-Ni, 20-Cr alloy < 
chromium < nickel. 

Effect of degassing. 


process of 


Two sets of samples were 
tested, semidegassed, and degassed. Procedures for 
preparing the samples have been described. Fig. 8 
shows a comparison of typical results. Degassed 
specimens show an eight- to tenfold increase in 
reaction rate for oxidation experiments below 500°C, 
while at temperatures above 600°C the increase is of 
the order of two- to threefold. Decrease of the effect 
with temperature is to be expected from the nature 
of the degassing curve (Fig. 1). 

Experiments suggest that N» or CO in the nickel 
oxide number of 
nickel ion vacancies and thus reduces rate of oxida- 


lattice effectively reduces the 
tion. This effect will be reported in more detail in a 
future paper. 

Fig. 9 shows the effect of electropolishing and 
annealing of the metal on rate of reaction. A strong 
increase in rate of reaction was observed at several 
temperatures. This increase may be explained in 
three ways: (a) effect of impurities left on the metal 
from the polishing bath, (6) possible addition of 
gases to the metal during electropolishing, and (c) 
changed nature of the surface resulting from electro- 
polishing. Again, experimental difficulties make it 
impossible to study this effect thoroughly. 

A study of the effect of 
preoxidation is important for two reasons. First, it is 


Effect of preoxidation. 
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of interest to test whether a set of experiments 
preliminary preoxidation treatment 
would give oxidation curves similar to those de- 
termined at a single temperature. Second, the use of 


based on a 


preoxidized surfaces may make possible the study of 
the effect of geometrical properties of oxide on rate 
of reaction. A preliminary set of experiments was 
made in this work. A series of specimens was Oxi- 
dized at 600°C and 0.1 atm of O, to give an oxide of 
15 micrograms/cm?. After the oxygen was pumped 
off, the specimen was heated or cooled to the re- 
action temperature and a second oxidation made at 
the new temperature. 

To evaluate the effect of preoxidation, the rate of 
reaction, dW /dt, was calculated at a total thickness 
W and compared to a similar calculation for a 
sample oxidized at a single temperature. Results 
that 
rates of reaction. Fig. 10 shows a parabolic plot of 


show preoxidation treatment gives smaller 
such a comparison at 750°C, while Table [V shows a 
summary of the effect of preoxidation on the par- 
abolic rate law constant at temperatures of 550°- 
750°C. The effect was an important one and de- 
the difference 
preoxidation and subsequent oxidation. These results 


pends on temperature between 
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TABLE IV. Effect of preoxidation on parabolic rate 
law constants 


Ratio of 


Condition A normal 


A preoxidized 


550 Be x 107°! 
550 6.25 xX 10°' 


Normal 1.39 
Preoxidized* 


600 6.8 x 10°" 
600 4.21 xX 10°" 


Normal 1.61 
Preoxidized* 


650 1.84 xX 10°" 
650 1.035 kK 10° 


Normal 1.79 
Preoxidized* 


700 9.32 xX 10°" 
700 2.400 X 10% 


Normal 3.9 
Preoxidized* 


70 | 6.05 xX 10-2 
70 | 7.96 xX 10-3 


Normal 7.6 
Preoxidized* 


* Preoxidized to 15 ug/em?. 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 





may explain in part the difference in the re ults « 
Moore (10) and those of this work. 

It should be noted that the effect depends on {}, 
difference at a given thickness between the physic, 


structure of oxide film of the preoxidized specime 
and that of the film produced at a single tempe 
ature. This is discussed in more detail later 


‘THEORETICAL 


Four topics are considered: (a) experimental ; 
tropy of activation of diffusion, (6) theoretical entropy 
of activation of diffusion, (c) time depende; 
of the parabolic rate law, and (d) nature of 


preoxidation effect. 
Entropy of Activation of Diffusion 


Previous studies on oxidation of metals (1-5) h; 
shown that in many cases negative entropies 
activation values are 
contrast to positive values which are predicted » 
found for self-diffusion 


were observed. These 


metals (2 


processes in 
However, the process of formation of vacancies 
metal oecurs by removal of a metal atom from | 
interior to the surface. From simple considerat 
of loosening of the binding of metal atoms by 
vacancy, this process should give a positive entro) 
change (22). 

In NiO, vacancies were formed by a process 
condensation of oxygen gas into the oxide lat 
according to the reaction 

lg O. (g) = O + Of + 20 
to form new oxide, a vacant lattice site, 0., and! 
positive holes, ®. Essentially, we are condensing 
zas to a solid oxide and a negative entropy chang 
results. 

Since the entropy of vacancy formation car 
calculated, it was possible to determine the entroj 
of activation of the diffusion process. From elas 
constant considerations, Zener (22) suggested th 
positive values should be found for the entropy 
activation of diffusion. 

The entropy of vacancy formation can be eva 
ated from an analysis of equation [3] if it is assum 
that positive holes reside on Ni*** and that 
cancies and positive holes are dissociated. 

Simple electrostatic calculations show the 
tractive energy between a positive hole aind a cati 
vacancy to be of the order of 10 times the therm 


energy at 1000°K, assuming a dielectric constat 


Mav h 195; 


of 10 for NiO. However, for low concentrations t! 


TAS® term in the free energy expression would | 
larger than AH® and thus make possible dissociatio 
since many sites were available for the cation 
positive hole to occupy. Assumption of dissociati 


. . . +} 
has been confirmed by experimental studies of ' 


oxygen pressure dependence of conductivity (~ 
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and . of oxidation (24) of nickel. At higher 
vacaniy concentrations, association would be ex- 


pecte » occur. 


Detuls of the entropy calculations are given in 


\ppenclix II. Results show a negative entropy of 
75 cal/mole/°C to be associated with formation 
of one mole of vacancies. 


Subtracting this value from the over-all experi- 
mental entropy term (AS°/3 + AS*) gives a value of 
C for the value of AS*, the entropy 
of activation of diffusion. This value can now be 


1.5 cal mole 


compared to the theoretical value. 


Theoretical Value for Entropy of Activation 
of Diffusion 
Zener (22) has used the sign of the value for 
of activation to whether dif- 
fusion is oecurring through the lattice or at grain 


determine 


boundaries or other short-circuiting paths. Since a 
positive value of entropy of activation for diffusion 
is obtained for nickel oxidation, this would suggest 
that diffusion was occurring mainly through the 
ttice. To make such a prediction, it is necessary 
to ask what is the theoretical value of AS*. This 
ue may be estimated from theoretical consider- 
tions from the equation (22). 


* 
les 
Here \ is a numerical coefficient less than 1 and 


represents the fraction of free energy of activation 

or work that goes into straining the lattice. AH* 
- the heat of activation of diffusion. 7, is the melt- 
g temperature of NiO, and 8 is defined as 


8 = —d(p/uo)/d(T/T'n) [5] 


Here 8 is a dimensionless quantity involving the 
temperature coefficient of the appropriate elastic 
modulus w, wo is the value of uw extrapolated to 
absolute zero of temperature. 

Zener (22) has determined the value of 8 from the 
temperature coefficient of Young’s modulus or from 
the temperature coefficient of the shear modulus. 
‘ince data on the temperature coefficient of the 
clastic modulus were not available for oxides, 8 has 
heen evaluated from the statistical thermodynamic 
expression for specific heat and the simple relation- 
ship between compressibility of a solid and char- 
acteristic frequency of the atoms. The calculations 
are presented in detail in Appendix ITT. 8 was found 


to have the value 0.345, while \ was assumed to take 
the ue of 0.55. 

lt s now possible to place upper limits on values 
that AS* of diffusion may take for NiO. A unique 
a vas not possible to calculate since experi- 
me data gave only the sum of the heat for forma- 


KINETICS OF OXIDATION OF NICKEL 135 


tion of vacancies and the heat of activation for dif- 
fusion, while equation [1] requires AH* of diffusion 
alone. However, a maximum value can be placed 
on AS* by assuming that experimental heat of 
activation is equal to heat of activation of diffusion. 
Thus, assuming AH* = 41,200 cal/mole, AS* is 3.3. 

Assuming a more reasonable value for the AH* of 
diffusion of 20,600 cal/mole, AS* is equal to 1.7. Since 
the corrected experimental value is of the order of 1.5, 
agreement is well within experimental errors and 
assumptions made in calculations. An agreement of 
1 in the value of AS* means an agreement of 1.65 
in the value of the parabolic rate law constants. 
Agreement between theory and experiment regard- 
ing the sign of AS* suggests that, in high temperature 
oxidation of nickel, diffusion probably 
mainly in the lattice and not at grain boundaries or 
other defects. 


occurs 


During the early part of the reaction in which the 
parabolic rate law does not apply and for low tem- 
perature experiments, the reaction occurs probably 
by grain boundary diffusion. This interpretation was 
suggested in a previous paper (26), although a 
detailed analysis of the entropy of vacancy forma- 
tion was not included. Conditions for transition from 
grain boundary growth to growth by diffusion 
through the lattice depend upon the grain boundary 
area of oxide particles and upon the particular values 
of AH* and AS* for the processes. 


Time Dependence of Parabolic Rate Law Constant 


Two explanations may be given. The first is based 
on the assumption that concentration of impurities 
within the oxide is changing as oxidation proceeds, 
thus changing the number of vacancies for diffusion. 
Horn (13) that most of the common 
alloying elements increase the reaction rate. As the 
reaction proceeds, the tendency is for impurity con- 


has shown 


centration to decrease because of the limited amount 
of materia! available in the metal. This factor could 
account for the decreasing of the parabolic rate law 
constant observed by Wagner and Zimens (6) and 
in this work. 

The second explanation is based on assumption of 
a grain boundary diffusion mechanism for early 
stages of reaction. As the film thickens, oxide 
crystallites grow, and at some thickness the in- 
fluence of grain boundary diffusion becomes small 
compared to lattice diffusion. 

Certain evidence supports this point of view. 
Previous studies (27) on size of oxide grains in thin 
oxide films showed that oxide grains changed in 
size during reaction and that such changes were a 
function of both temperature and time of oxidation. 
In the case of Fe oxidized at 250°C for 5 min, the 
average particle size of oxide crystallites was 350 A. 
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This increased to 1200 A when oxidation was carried 
out for 30 min. Since the grain boundary area de- 
creases as oxide crystallites grow, the parabolic rate 
law constant also decreases until at some thickness 
the reaction is controlled by lattice diffusion. 


Nature of the Preoxidation Effect 


The preoxidation effect is very difficult to explain 
if we accept the interpretation that the reaction is 
essentially controlled by lattice diffusion and that 
entropy calculations are correct. One may postulate 
that impurities may concentrate in the oxide during 
preoxidation treatment, which tends to lower oxida- 
tion rate at higher temperatures. Further experi- 
mentation, however, is necessary to understand and 
to explain this phenomenon. 


SUMMARY 


Reaction of high purity nickel with oxygen was 
studied using the vacuum microbalance method over 
the temperature range of 400°-750°C. Colored oxide 
films were formed even at the lowest temperatures 
after 30-hr oxidation periods. 

\ comparison of rate of oxidation showed that 
nickel oxidizes faster than chromium and 80-Ni, 20- 
Cr alloy. Data were fitted to the parabolic rate law, 
and it was shown that the rate law constant decreases 
with extent of oxidation, the greatest deviations oc- 
curring in the temperature range of 400°-550°C. For 
the temperature range of 550°-700°C, a log A vs. 
1/T plot gave a straight line and a calculated heat 
of activation of 41,200 cal mole. 

A comparison with previous work in the literature 
showed the rate of oxidation of high purity nickel to 
be 1/10 to 1/1000 of that which other workers found 
on less pure nickel. The effect of impurities on the 
oxidation rate was discussed. 

Using the classical theory of diffusion, entropies 
and free energies of activation of the rate-controlling 
process were calculated and compared to those of 
other metals. Experimental entropies of activation 
of —6.0 were corrected for the entropy of formation 
of nickel ion vacancies to give an entropy of activa- 
tion of diffusion of +1.5 cal/mole/°C. On the basis 
of certain assumptions, theoretical considerations 
suggest that the entropy of activation for diffusion 
may have a maximum value of 3.3 eu, while a more 
reasonable assumption leads so a value of 1.7 eu. 

This agreement of theory with experiment suggests 
that in the temperature range of 600°-700°C the 
reaction is controlled mainly by lattice diffusion. 

The effect of a preoxidation treatment on rate of 
oxidation was studied. It was shown that preoxida- 
tion at 500°C greatly affects the rate of reaction at 
higher temperatures. 
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APPENDIX I 


FREQUENCY OF VIBRATION OF Nit*+—Nit** Boxy 


Assume that the atoms in NiO are vibrating as harmo, 
oscillators and interacting according to Hooke’s law. a 
that the calculated frequency is characteristic of moveny 
of Ni** ions through the NiO lattice. The assumption 
harmonic oscillations is a reasonable one since the aton: 
spend the great bulk of their time in these energy state 

The value of ymax is calculated from the characteris 
Debye temperature 


hv max 


6p = 
. k 


Here vy is the maximum frequency, A is Planck’s const, 
and k is Boltzman’s constant. For NiO, 6p is 404 
From the Debye temperature, ymax = 8.5 X 10" 


APPENDIX II 
ENTROPY OF VACANCY FORMATION 


Change in entropy can be estimated from three consid 
ations: (a) change associated with condensation of oxyy 
gas into the NiO lattice to form a new oxide follow 
equation [3] and assuming no distortion; (b) change ass: 
ated with distortion of the NiO lattice by cation vaca 
alone; (c) change associated with distortion of the \i 
lattice due to formation of twe positive holes (Ni*** sites 


Change in Entropy Due to Condensation of Oxryaer 


At 1000°K the entropy of '4 Os» (g) (28, 29) is calculat 
to be 29.10 cal/mole/°C, while the entropy of NiO (28, 2 
is calculated to be 18.08 cal/mole/°C. 

The entropy, S, of 0 
to be 4 the entropy of NiO (s 


in the NiO (s) lattice is assur 
or 9.04 cal/mole/°C 


Entropy Change Due to Distortion of the NiO Lat 


If a Ni** is removed from the NiO lattice and two pos 
tive holes are formed (Ni* sites), the six oxygen | 
surrounding each of these sites are disturbed. Assume t! 
removal of a Ni** ion results in a displacement 4, of oxyg' 
ions toward and in line with adjacent Ni** ions, w! 
formation of a positive hole results in a displacement é 
oxygen ions toward and in line with the positive hole. | 
effect of both displacements to a first approximation is 
increase the binding of the oxygen ion to its nearest nelg! 
bors. This results in a decrease in entropy of oxygen ions 
the lattice of NiO. 

Relation In the calculations ¢! 
follow it is necessary to calculate the relationship bet wet 


between ay and b. 


the Madelung constant, ay, and the constant 6 of the © 
pulsive energy terms. 


The equation for the lattice energy W of a mole of 


crystal, neglecting Van der Waals energy and the # 
point energy (31), is 


W=WN + 6wy_(r) + 6w__(r) + 60440 


. 7 
—_ fe? a 
ro | 

J 
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Hert Avogadro’s number, e is the electronic charge, 
he eation-anion distance. The first term refers 
etrostatic energy while the terms w,,(r), w—_(r), 
refer to the repulsive or overlap energy terms of 
etive bonds. 


| ff the w(r) terms is expressed as 
= Cb exp |(r1 + fre) p| exp {| r/p)| [S] 


Her - the distance between ions, r; and re are ionic radii 


the Nit? and O*, respectively, 6 is a fixed constant if C 


( Si z:) 7 
C=(1+—+4 (9) 
ny Ne» 


B iiere Z, and Z- are valences of the ions, and n, and nz are the 


v B. det ed by 


number of electrons in the outer shell. Under these con- 
ditions, p = 0.345 X 107-5 em For NiO, C.- = 1,C = 
05. and C,, = 1.5. 

Using 0.74 A as the ionic radius of Ni** and 1.35 A for 
(». we have the following expression for the lattice energy : 
W = N ins + 6C,_bexp | 


i 


2 09) /o] 
2 + 6C__bexp[—(4/2) 2.70) /p] 10) 


+ 6C b exp | V2) 1.48) ‘| 


rhe relation between ay and b is found by differentiating 
| setting W(r) = 0. The result shows 


» 0 1M “a wP 
_ = ; [11] 


= 
Caleulation of the displacement 5. for a cation vacancy 

lotal energy of an ionic lattice, W, containing a cation 
incy can be expressed by the following equation 


We= Wo + AW, + AW, 12] 


Here Wo is the initial energy without a vacancy, AW, is the 
2 change in energy due to a displacement 6. of oxygen ions 
surrounding the vacancy, and AW is the change in energy 
due to removing the Ni** ion with the Om ions in the dis 
iced position. 
Change in the electrostatic energy part of AW), associated 
th displacement alone can be shown to be negligible by 
simple example. Consider the energy associated with an 
‘one oxygen ion in the three ion system—Ni**—O7—Ni**—. Let 
the original cation-anion distance be ro and displace the 
» ma distance 6. If the two Ni** are fixed, then change in 
u rostatic energy part of AW, is 


( elec | 


—4e? te? te? te? 
ade 


AW, (elee) - 
ro — 6 ) ro + 6 ro 


ll 
} 
w 


ig! ixpanding, 


— (§/ro)? ro 


u te? 2 Se? f , 
| \ elec) = \ 1 0 forsmallé/rp [14 


lorm 


il total energy of an ionic lattice remains in the 


since it does not contain any term involving the 
ment 6.. To evaluate AW), refer to Fig. 11A which 
plane through the NiO lattice containing the 
together with spacings of nearest neighbor ions. 
has been shown that the electrostatic part of AW, 
ble, it is necessary only to consider the following 
repulsive terms in AW,: (a) interaction between 


displ 
show 


Vaca 





KINETICS OF OXIDATION OF NICKEL 


Ni** O* ae: 7 
Fil 3e | 
. : : TH CATION 
oD fire moor can 
Vie eee 0. -Ni**® VACANCY 
4 
Ni** a Ni** O° 8, - DISTORTION DUE 


TO CATION VACANCY 


0* Ni** 0° Ni** 
A 
Nit? 0? Nit* _O* 
’ 
ro eee 
te +(1,+8p)" 
A~ 
Ot Nite 40" ee NiO -WITH POSITIVE 
o- 8p Spo t Bp HOLE 
a fo +p Ni ***-POSITIVE HOLE 
\ 
Nitt G* Nitt ‘els 


8)~ DISTORTION DUE 
TO POSITIVE HOLE 


Fic. 11. Effect of vacancy and positive hole on nickel 
oxide lattice. 


O- at A and Ni** at B; (6) interaction between O* at A and 
$ O~ in the plane of Ni** at B and perpendicular to line 
AB; (c) interaction between O* at A and 4Ni** in the plane 
of A and perpendicular to line AB; (d) interaction of O 
at A and 4 Om in the plane of the vacancy at C and per 
pendicular to line AB; and (e) interaction between O* at 
A and Ni** at C. Part of the latter term drops out on re 
moving Ni** and forming a vacancy. 


AW, = 6C blexp —(1ro — 66 — 11 — T2)/p — 1 
5 \ 
+94 (' hb exp -( v2 aC —_ — )- 2) /s — 0.47 
a re 
+24 C, blexp —(V 73 + 32 — 1 — 12)/p — 11 (15) 
+12 C__ blexp —(+/2(ro + 5.) — 2 r2)/p — 0.47) 
+ 6 Cy blexp —(ro + & — m1 — r2)/p — 1 


This equation represents change in energy produced by one 
vacancy, assuming 6 O™ are displaced for each vacancy. 

Change in energy AW. due to removing the Ni** ion can 
now be evaluated. The electrostatic energy change for one 
vacancy and six disturbed oxygen ions is evaluated from 
the potential at Ni**. 


V = + - [16] 


ro ro To + 6, 


The first term is the Madelung potential while the latter 
terms represent the effect of O- on the potential at Ni** 
at the new distance, ro + 6.. The value of the electrostatic 
energy to remove the Ni** after the Om ions have been dis 
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‘ol. I 
placed is equal to —2eV. Thus, change in electrostatic en- Entropy of formation of a cation vacancy.—Entro -y of Rel 
ergy part of AW, due to removing the charge is NiO lattice is related to the frequency of vibration. , fal 

or ' 

te" yy 24e? 24e? —— din Q, jmila 
AWs (elec) = — + [17] S = RinQ, + RT — we , 
ro ro ro + é. dT ~”) ners 
The 
Change in repulsive energy terms in AW, is due to the fact Here Q, is the vibration partition function, Q, kT) 
that removing Ni** removes its repulsive energy term. and k is Boltzman’s constant. 
Thus, Substituting and differentiating, 
tera 24e? 24e? 
AW; = “- + _ 


S= Rk] = +R 
S = Rin r 
ro ro ro t+ 6 [18] hy 
6C,_ b lexp — (ro 5. — ry — 1re)/p — 1) , : zs , 
lex] \ro F . ad dl Change of entropy of the NiO lattice due to distor sine 
Substitute AW, and AW, in equation [12], and caused by presence of vacancies and positive holes is ¢ 


by the relatior 
W = We + 6C,_ blexp —(ro — & — 7; — 12)/p — 1] i rorere 











y - 
+24 C__blexp —(/2 ro(1 — &./2re) — 2r2)/p — 0.47] S=RIn— % rar 
VN bal/m 
+24 C,_ blexp —(V72 + 32 — 1 — 12)/e — (19 En 
bil te l19} Here, vp refers to the frequency of vibration in the disturb ee 
fr | . ’ 
+12 C__ blexp (/ 2(re + 8.) — 2r2)/p — 047) — 6Cb state and vy to the normal state. 
N . 
as.2 @a.0 Frequencies are calculated from the equation 
le’a yy 24? 24e? I i ree 
ro rot 6 l / 7 
oe y= — es ; 
5. is determined by taking the derivative of W with <T m 


respect to 6. and setting this equal to zero. Carrying out 





Sige e ws where « is the force constant and m the mass of the vibrs 
differentiation and substituting ( = 1, ¢ = 0.5, and ; ; ' pt : 
mag : <i ions in the lattice. The force constant was calculated f; 
the value of b in terms of ay from [11] gives the expression : ; s : 

the second derivative of total energy with respect to 4 





4.65 : Lattice situations for force constant calculations 
—- = ex i) ) . .* , 4 
1 + 6./r)? ‘ shown in Fig. 12A. AX represents the new displacen: 
; Second derivatives of the norma! and disturbed lat: 
_ 2a I) ¢  / . » ») _ 7 ] ‘ 7 x % : 
V 2exp —(2.96(1 — 5./2 X 2.10 <.601/p 20) WN) and W(D) were evaluated at ro and ro + 8, resp 
—* Qexp —[2.96 + + 9 5. — 2.70)/p tively. 
Solving this equation by trial and error, 6./ro = 0.15 ‘ 
Calculation of the displacement 6, for a positive hole. 0? 8. Ni** O* a 


In this calculation the method just above is followed. 4 


Energy of the disturbed lattice is set down in terms of the Sz , (8. + OX) 
: a , |-—— 
displacement 6,. Fig. 11B shows a plane through the NiO ° L 

lattice containing the positive hole with spacings indicated 





2'o 


for nearest neighboring ions. C 






























A B of th 
Since 6 Om were affected by each positive hole, the follow- Or,+8,.+ax 0-25 Nit** pisTuRBED LATTICE om 
ing is the equation for total energy of the disturbed lattice be fo~ 8.- Ax CATION VACANCY 0. be 
with two positive holes present. : Xi0 
= , 4 9, +4 DISPLACEMENT 4) 
W = 120’,_b\lexp — ry fo |i + lon 
+ 12C',_b lexp — (ry — 6, — re — ra)/p — 1) lish 
, , 0? O* H 
+ tS iexp — | r? + (r, + §.)2? — 2 ») - ] 
» (X] v + 5,) r2)/p ts dist 
+ 24C°__b [exp — (4/2 (ro — 5p) — 2r2)/p — 1) (21) A 
‘ sine 
b lexp — (vV/ 3 4 55 — r; — r2)/p — 1] i 
24e? . 
j ent 
To — bp 
The term 7 represents the radius of the Ni*** ion V2 t sil 216 AS" 
5, is determined by taking the derivative with respect to 
6, and setting this equal to zero. C 5 o a 
Differentiating and substituting C,. = 1, C_. = 05, Nittt A +0° Ni** 
C,_ for Ni*** = 1.125, and b in terms of A, fo~ 8p AX Ox fot 8p + AX DISTURBED LATTICE 
2.34 Ax TYPE Bapexy 
: - = —exp [—8,/p] + 1.125 exp (8, — 0.13)/p (a, + =) POSITIVE HOLE X} 
l— 0p/To)* J2' {-- DISPL ACEMENT A* 
—2(2.10 + 5,) , _ [22 
exp — (Vv (4.40 + (2.10 + 6,)? ; , 
V 4.40 — (2.10 + 6,)? ; P Nitt 0° " 
7 8 vh 
— 2.70)/p + 1.41 exp (1.418, — 0.26) /p P R 





Solving by trial and error, there results 6,/ro = O.11. 
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Ret e energy terms in the total energy expression 

ed and normal lattice cases were set up in a 
nner to that in the second section. Repulsive 
rms between nearest neighbors were used. 


or als 


ymila 


nerg 
The ollowing results were found: 
2g Pea 2 
W(N) = 2.70— = cy, [27] 
p 
W(D) = 3.39 — = xp. [28] 
2 
p 
met 14 a 4 
<2 1 — = 1.12, [29] 
VN Ky 2.70 
snd since 6 O7 were involved, AS, = — 6R In vp/vy = —1.34 
>| le/°C 
i} mou . 


Entropy of positive hole formation.—Following the method 
f the preceding section, consider the total energy of the 
ttice with positive holes present. Lattice situations for 
~oe constant calculations are shown in Fig. 12B. Again, 
X represents the new displacement. Setting up the total 
‘nergy expression in a similar manner to that of the third 
nd fourth sections, and differentiating twice with respect 
o AX, 


Wau » 92 : 
(D) = 2.92 
p* v1 
ai 130) 
WD) 2-92 
~— =- - = 1O8 
WIN) 2.70 
Thus ; , 
) »\5 2.92 
vD so) ae i, ) = 1.04 [31] 
VN Ky 2.70 
AS 6R in 1.04 = — 047 eal/mole/°C. Since two 


moles of positive holes are formed for each mole of va- 


cancies, 
AS, = —0.93 cal/mole/°C. 


Calculation of over-all entropy change.—KEntropy change 


f the NiO lattice for condensation of 14 mole of O, and for 
formation of one mole of vacancies and two moles of posi- 
tive holes at particular lattice sites in a large amount of 
NiO can now be evaluated. Entropy change on condensa- 
tion without distortion of 44 mole of O» gas is equal to 
to 29.10 — 9.04, or 20.1 eal/mole/°C. Since order was estab- 
lished in the process, the entropy change is negative or 

20.leu. Entropy changes associated with the two types of 
distortion are —1.34 and —0.98 or a total of —2.3 cal/mole 
C. Thus, the total entropy change is —22.5 cal/mole/°C. 
Since 3 defects were formed, the entropy change per defect 
is —7.5 eal/mole/°C. 

Subtracting this value from the experimental over-all 
entropy of activation, there is obtained a value of +1.5 
talmole/°C for the entropy of activation of diffusion, 


as) 


APPENDIX III 


ESTIMATION OF 8 


5 can be estimated from the statistical thermodynamic 
*xpression for specific heat, Cp: 
{ \ 
0 i In Q v 
Cp = — (RT? { —— | [32] 
a7 O41 P 
wher 
Q La 
v= 
hy 


Carrying out the necessary differentiation, 


a] ( 1) ) 
Cp=R ir ~ (S52) [33] 


aT ( aT /} 


According to Einstein (31) there is a simple relation between 
compressibility, x, of a solid and characteristic frequencies 
of the atoms, vy. This relationship is yy ~ 1/x!. Since x is 
related to the reciprocal of the elastic modulus yu, there 
results the relationship 





‘s> ut [34] 
af, T?/diny\) 
cp=R2{r_ (See) [35] 
aT | 2\ dT /) 
Rearranging and substituting the value of 8 from [12], 
RT po : 
Ce=R+—-“8 (36) 
To # 


For three degrees of freedom, 
= 
Cp = 38R +35 
T= pe 
To estimate 8, substitute 2363°K for the melting point 
of NiO and a value of 7.4 cal/°C/gram atom (14.8/2) for 
the specific heat of NiO at 1000°K. Since the ratio of u/po 
is 1 at 7 = O°K and 0 at the melting point, a linear fune- 
tion of 4/uo with temperature is assumed. This gives a value 
of /po of 0.6 at 1000°K. 
By substituting and solving, it is found that 6 = 0.345. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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The Protective Action of Pigments on Steel 


M. J. Pryor 


Kaiser Aluminum and Chemical Corporation, Spokane, Washington 


ABSTRACT 


The action of aqueous extracts from litharge, metallic lead, red lead, basic lead car 
bonate, zine, and zine oxide on the corrosion of steel was investigated. It was found that 
litharge extracts inhibited the corrosion of steel completely, that extracts from metallic 
lead and red lead inhibited for a short period, and that extracts from basic lead carbo 


nate, zine, and zine oxide lead had no protective action. Protective properties of the 
decanted extracts were in the same order as their reserve alkalinities. Litharge, metallic 
lead, and red lead extracts protected only when they contained dissolved air; when de- 


aerated, they attacked steel slowly. The passivity film formed in litharge extracts was 
found to be composed largely of y-Fe.O;, no lead compounds being detected. It was 
considered that the lead in the litharge extracts was present partly in the ionic form, pos 


sibly as Pb(OH)* ions, whereas the lead in extracts from metallic lead was present mainly 


as massive and colloidal lead hydroxide. 


INTRODUCTION 


\ttention has previously been directed (1) to the 
fact that aqueous extracts from certain lead com- 
pounds, principally metallic lead, litharge, and red 
ead, had inhibitive actions on corrosion of steel. 
It was shown (2, 3) that the inhibitive action of the 
extract from red lead was of a temporary nature, 
vhile similar properties were ascribed to the ex- 
tracts from metallic lead (4) and basic lead car- 
bonate (5). Inhibitive properties of the extracts 
have been attributed alternatively to their alkalin- 
ity (6, 7), to adsorption of soluble lead compounds 
|), and, in the case of red lead, to a combination of 
alkalinity and oxidizing power (2). 

The present examination was carried out to in- 
estigate reactions occurring between steel and 
aqueous extracts from metallic lead powder, litharge, 
red lead, basic lead carbonate, metallic zinc powder, 
and zine oxide. The investigation included deter- 
minations of potential-time data and weight losses 
in solutions freed from and containing dissolved air; 
the nature of the passivity films and of the aqueous 
extracts was also examined. 

EXPERIMENTAL 
Materials 

The steel used in the partial immersion tests was 
annealed autobody steel 0.1 em thick having the 
analysis: C—0).12%; Si—0.02%; P—0.014%; Mn 
0.32 “C; S—0.01 %; Sn and V—not detected. Steel 


lised In experiments with deaerated solutions was in 


the form of annealed sheet 0.02 em thick, the analy- 

‘is ol which was given in a previous paper (8). 
inuseript received June 17, 1953. This paper was pre 
tor delivery before the Wrightsville Beach Meeting, 


~ 


ber 13 to 16, 1953. Experimental work carried out at 
tional Research Council of Canada, Ottawa. 
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Pigments used in this investigation had the follow- 
ing compositions: metallic lead—98.4% Pb; litharge 

95.7% PbO: red lead—99.1% PbO, basic lead 
carbonate—80% Pb, 8.25% COs; metallic zine 
99.9% Zn; zine oxide—99.7 % ZnO. The balance of 
the litharge was mainly in the form of Pb,O,. All 
other chemicals were of C.P. quality. 

Preparation of pigment extracts.—Extracts were 
prepared by exposing 50 grams of each pigment to 
| liter of distilled water in a stoppered flask for eight 
days. The flasks were shaken at frequent intervals to 
insure dispersion of pigment particles. After eight 
days the solutions were decanted from the residual 
pigments and stored in well-stoppered bottles. 


Reactions between Steel and Pigment Extracts in 
Presence of Dissolved Air 


Steel specimens measuring 5 x 2.5 em, which had 
been degreased in benzene, abraded with 3/0 emery 
paper, and weighed, were partially immersed in the 
decanted extracts in such a manner that they did not 
come into direct contact with any residual particles 
of pigment. Partial immersion tests of five days’ 
duration were carried out in 30 ml of each solution, 
an area of 12.5 cm? of specimen being immersed in 
‘ach test solution. Control experiments in distilled 
water were also carried out. At the end of the ex- 
periments the specimens were pickled in inhibited 
hydrochloric acid, dried in acetone, and reweighed. 
The weight losses, which are the average of experi- 
ments in triplicate, together with the initial and 
final pH values of the solutions, are shown in Table I. 
The extract from litharge gave complete inhibition, 
while those extracts from metallic lead and red lead 
gave inhibition for 24 hours and six hours, respec- 
tively, after which time corrosion occurred at a lower 
rate than in distilled water. Extracts from basic lead 
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TABLE IL. Weight losses in extracts containing dissolved air 


V Average —_ Reserve 
Solution on — ad — wt loss Final alkalin- Observations 
8 cm? mg ity, ml 








Fresh distilled water 5.5 0.96, 0.80, 0.93 0.90 6.6 General corrosion 
Distilled water stored in glass bottles 
for 4 weeks 8.9 0.80, 0.80, 0.85 0.82 | 6.7 0.1 General corrosion 











Decanted Pb extract Inhibition for one day after whi 
localized corrosion proceeds at 
reduced rate 

Pb extract filtered through glass wool.| 9.4 0.72, 0.68, 0.71 0.70 | 6.8) 5.7 General corrosion at reduced rat, 

Pb extract filtered through Whatman 


No. | filter paper 8.6 0.70, 0.69, 0.69 0.69 6.9) 0.6 | General corrosion at reduced rate 










Decanted PbO extract Passivity 


PbO extract filtered through glass 








wool 9.7 <0.01 <0.01 | 7.5 | 12.25 | Passivity 
PbO extract filtered through What 
man No. 1 filter paper 8.0 <0.01 <0.01 | 7.2| 2.1 Passivity 


PbO extract filtered through Whatman 
No. 42 filter paper 7.3 <0.01 <0.01 


~ 
— 
— 


Passivity 

















Decanted Pb;O, extract 9.7 0.57, 0.58, 0.54 0.56 6.8 1.1] Passivity for a few hours after wl 
time general corrosion proceeds 
a reduced rate 
Pb,O, extract filtered through glass 
wool 8.35 0.78, 0.61, 0.73 0.71 | 6.9 0.8 General corrosion at slightly reduc 
rate 
Pb,O, extract filtered through What 
man No. | filter paper 


~ 


70, 0.71, 0.69 0.70 6.7 


~ 
~ 


General corrosion at slightly redu 
rate 











lead carbonate ex- 
tract 8.95 0.85, 0.86, 0.86 0.86 6. 


Decanted basic 


wt 
~ 
~ 


General corrosion 






Decanted Zn extract 





General corrosion 







Decanted ZnO extract 





General corrosion 
















carbonate, zinc, and zine oxide had no detectable on the form of the potential time curves in extracts 


inhibitive properties. from litharge, lead, and red lead is shown in Fig. 2,3 
Potential time data were determined in 50 ml of and 4. 

each decanted extract. Control experiments in fresh 

distilled water and distilled water that had been Reactions between Steel and Deaerated Extracts 


stored in a stoppered glass bottle for four weeks were Determinations of weight loss and of the rela 


also carried out. The area of specimen exposed to tionship between potential and time were carried 
each solution was 12.5 em? and duration of the ex- 


out in deaerated extracts from metallic lead, litharge 
periments was five days. Potential difference? read- 


and red lead. The deaeration technique previous) 
ings against a standard calomel electrode were 
recorded continuously by means of a Leeds and North- 
rup Micromax recording potentiometer. To prevent 
contamination of the extracts by chloride, the calomel 
electrode was contained in a beaker of distilled water 


described (10), based on the very large decrease 
raseous solubility on freezing solution, was employed 







Weight loss determinations (9) were carried out 0! 
degreased specimens measuring 4 x 3 x 0.02 cm 
they were abraded with 3/0 emery paper and ex 


and bridged to the extracts under examination posed to 50 ml of deaerated extracts which had been 


through a stopcock “greased’”’ with a stiff paste of 







filtered through glass wool to remove massive pit 
bentonite, glycerine, and water, and maintained in 


the closed position (9). The results are shown in 
Fig. 1. The effect of progressively finer filtration 


ment particles. Duration of experiments, which were 
carried out in triplicate, was five days; results ar 







shown in Table II, from which it may be seen tha! 
? All potentials in this paper are expressed on the Stand- the deaerated extracts do not inhibit corrosion 
ard Hydrogen Scale steel. 
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3. Effect of filtration on potential/time curves in 


eXtraets containing dissolved air. 


tential determinations were carried out in ap- 


is described previously (10) in which a speci- 
neasuring 2.5 x 0.5 em was exposed to 10 ml of 
aerated decanted extract, to which had been 
10 ppm chloride ion, in order that the chlori- 
‘ilver wire also contained inside the apparatus 


take up a steady potential characteristic of 
centration of chloride in solution. Results, 
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Fic. 5. Potential/time curves in deaerated decanted 
extracts 


TABLE II. Weight losses in deaerated extracts 


erage 
Solution Wt loss/cm? mg aay nt 
OSs/ 2mg 


PbO extract filtered 


through glass wool... 0.024, 0.028, 0.028 0.027 
Pb extract filtered 

through glass wool..| 0.024, 0.024, 0.022 0.023 
Pb,O, extract filtered 


through glass wool... 0.028, 0.036, 0.028 0.031 


(Fig. 5), show that deaeration results in a large 
shift in potential in the negative (less noble) direc- 
tion. 


Examination of Extracts 


Initial pH values of extracts were found to be 
distinctly alkaline (Table 1) which confirms much 
previous work (6, 7, 11). It was, therefore, decided 
to determine whether passage of lead or zine into 
solution had resulted in any appreciable buffering 
action. One hundred ml of each deaerated extract 
was titrated electrometrically with 0.01N HCl 
while being constantly stirred by means of an elec- 
tromagnetic stirrer. Results (Fig. 6) show that ex- 
tracts from litharge, lead, and red lead have a pro- 
nounced buffering action, whereas those from basic 








VOL. OO'1N HCI (m 


Fic. 6. Neutralization curves of decanted extracts 


lead carbonate, zinc, and zine oxide do not. Reserve 
alkalinities, which are arbitrarily defined as volumes 
of 0.01N HCl required to bring the pH values of 
100 ml of the extracts to 6.5, are shown in Table I. 

Effect of filtration on the neutralization curves of 
extracts from litharge, metallic lead, and red lead 
Was next investigated. Methods of filtration used in- 
cluded filtration through glass wool, through What- 
man No. | filter paper, and through Whatman No. 
12 filter paper which should remove progressively 
greater quantities of insoluble compounds from 
solution. In every case, progressively finer filtration 
progressively reduced reserve alkalinities of the ex- 
(Table I). 

Change in pH with time due to absorption of 
atmospheric carbon 


tracts 
dioxide was determined by 
permitting decanted extracts to remain in contact 
with the atmosphere for five days. Measurements 
of pH were made on the solutions each day (Fig. 7). 

An examination of the extracts from lead and 
from litharge was next undertaken to determine 
whether the superior inhibitive properties of ex- 
tracts from litharge were caused by greater con- 
centration of lead in solution or by lead being present 
in a different form than that in the lead extract. 

In order to relate the reserve alkalinities of the 
extracts to the total quantity of lead in solution, 
50 ml of each extract was filtered through glass wool 
and the reserve alkalinities determined. Total lead 
concentration of the same solutions was then deter- 
mined gravimetrically with results as shown in Table 
ITI. 

The weight of lead required to produce appropriate 
buffering action was calculated, assuming that it 
was present in the form of Pb(OH)2. This is probably 


true for lead extract (12), although it has been 
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Fic. 7. Effect of atmospheric carbon dioxide uptaky 










the pH values of decanted extracts 





TABLE III 








Reserve Caleulated wt of Wt of lea 
Wt of 
alka ati lead required to | apparently 
Solution linity ml luti : produce a} pro contribut 
™~ on 
O.0OLN me || Priate buffering to bufferin, 
HC! 5 action, mg action, n 

















Pb extract fil 





tered through 






glass wool 6.2 3.8 3.2 0.6 
Pb extract fil 

tered through 

glass wool 10.6 7.8 55 93 







stated that the Pb(OH). slowly transforms to tly 





more insoluble lead dioxydihydroxide Pb ,0.(Ol] 





(13). Since, in either case, one molecule of the lead 





compound requires two molecules of HCI for dis 





solution, the calculation is not affected by the trans 





formation. Lead extract gives quite close agreeme! 





between calculated and measured weights of lead 





solution, the error of 0.6 mg probably being due | 





the formation of basic carbonate which has little | 





no buffering action. There is, however, a marked 





disagreement between the calculated and observed 





weights of lead in the litharge extract which ma: 





mean that the lead is present in some form differ 
from Pb(OH)s. or Pb:O.(OH )o. 

Twenty-five ml of each extract filtered 
through Whatman No. 42 filter paper and the ultra 
violet absorption spectra determined in a Car 
recording spectrophotometer (Model 11). Unio! 






were 







solution, 


mg/25 ml in the litharge extract and 0.35 mg - 


tunately concentrations of lead in 






ml in the Pb extract, were rather low for this type 0! 





investigation. Results with lead extract indicated 





only scattering from particles probably of colloida 





dimensions and no absorption bands were preset! 





Results with litharge extract indicated less scatte! 





although the total lead concentration in solution wa 
higher. There was an absorption band at 2080 4 






which is not usually found in molecular litharge (14 





Although this band is very near to the lower limit ©! 





the instrument it is considered to be signi! cat! 





It should also be pointed out that a concent so! 
difference of 100% would not cause its disappea ance 
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twe y-five ml of the litharge extract were filtered 
‘hroug. Whatman No. 42 filter paper and enclosed 
in a iipermeable membrane of untreated (non- 
vaterp vofed) cellophane. The “bag” of cellophane 
vas t placed in 25 ml of distilled water to de- 


ormine Whether an appreciable quantity of the total 
ead in solution was present in the ionic state. Using 
the lead sulfide test, it was found that appreciable 
juantities of lead passed from the extract through 
‘he semipermeable membrane and into the surround- 
w water. A considerable proportion of the total 
ead was adsorbed by the cellophane so that after 
Jialysis for one day, neither the solutions inside nor 
outside the membrane were completely inhibitive. 
Potential-time data subsequently obtained for steel 
specimens exposed to these solutions indicated that 
‘he solution from outside the membrane, containing 
ead in the ionic form, had temporary inhibitive 
properties at least equal to the solution from inside 
the membrane containing a greater total quantity 
i lead compounds, some presumably in the ionic 
sate and the remainder in the colloidal state. 

\n attempt was made to repeat this examination 
ising the extract from metallic lead, but it was found 
that the concentration of lead in solution was not 
sufficient to give significant results. 


Vature of Passivity Films Formed in 
Litharge Extracts 

Specimens passivated for five days in litharge 
extracts that had been decanted, or filtered through 
glass wool, through Whatman No. | filter paper, or 
hrough Whatman No. 42 filter paper, were then 
vashed for 15 min in running distilled water, wiped 
vith filter paper, and dried with methanol. They 
vere then etched with dilute nitric acid to destroy 
passivity films; the acid was adjusted to a pH value 
of 2.0 with dilute sodium hydroxide and tested for 
the presence of lead by means of the lead sulfide 
test. In no case was a positive test for lead obtained 
ud it was coneluded that any lead that might be 
present in the passivity films was so small in quan- 
lity (ess than 10°° mg/em*® of specimen) that it 
could not be directly responsible for passivity. 

The passivity film resulting from two days’ ex- 
posure of an originally film-free steel specimen to a 
itharge extract that had been filtered through glass 
vool was isolated from the metal by a modification 
of the methanol-iodine method (15). The apparatus, 
shown in Fig. 8, permits passivity films to be isolated 
vithout bringing the specimens into contact with air 
aller passivation. The specimen was suspended in the 
reaction chamber (R) which was partly filled with 
‘.1Y smmonium chloride. The system was flushed 
With purified nitrogen? and the specimen made 
gen was purified by passing it through a column 
g finely divided copper, deposited on Fullers 
a temperature of 200°C 
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Fic. 8. Film stripping apparatus 


cathodic for one minute at a current density of | 
milliamp/cm? in order to destroy the air-formed 
oxide film by cathodic reduction (16). Ammonium 
chloride was then forced from the reaction chamber 
by nitrogen admitted through (M) and replaced by 
the litharge extract, saturated with dissolved air, 
which was forced from the flask (C) by compressed 
air. To eliminate contamination by chloride, this 
solution was drained away and replaced by fresh 
inhibitor from (C). The apparatus was then opened 
to the air and the specimen allowed to stand in the 
inhibitor solution for two days. At the end of this 
period the apparatus was flushed with nitrogen and 
flask (A) filled with anhydrous methanol and (B) 
with 100 ml of anhydrous methanol in which had been 
dissolved 6 grams of anhydrous iodine. The iodine 
had previously been dried by standing over phos- 
phorus pentoxide while the methanol was dried by 
refluxing with, and distilling from, magnesium turn- 
ings and a trace of iodine. Both solutions were 
deaerated by simultaneous boiling and bubbling of 
nitrogen. The solutions were cooled and the inhibitor 
solution foreed from the reaction chamber. The 
specimen was washed several times with methanol 
forced from flask (A) by compressed nitrogen. The 
film stripping solution in (B) was then forced into 
the reaction chamber and left in contact with the 
specimen for approximately 30 min. At the end of 
this period, the film stripping solution was run from 
(R) and the specimen again carefully washed with 
methanol from (A). The specimen was finally re- 
moved from the apparatus and placed in a dish of 
methanol. The passivity film, which should be hang- 
ing loosely from the specimen, was detached by 
gentle agitation of the dish, and suitable samples 
were collected on copper grids for examination by 
electron diffraction. 

Portions of stripped film were examined by elec- 
tron diffraction and gave a diffuse ring pattern 
characteristic of either y-Fe.O; or Fe;O, (Table IV). 
Portions of the films were dissolved in 1:1 HCl 


and tested for the presence of ferrous ions using the 
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TABLE IV. Ring pattern obtained from stripped passivity 


film 
Ring radius Spacing Intensity hkl 
m d(A 
1.24 2.50 V.8.2 311 
1.49 2.07 Ss? 100 
1.94 1.60 ws 511, 333 
2.10 1.49 Ss 140 
2.63 1.20 W 144 


V.S.—very strong; *S—strong; * W—weak. 


di-2-piridyl test (17). Failure to detect ferrous ions 
indicated that the passivity film was largely com- 
posed of y-Fe,O; which compound has been found 
to be the major constituent of passivity films formed 
in many anodic inhibitors (8, 18, 19). 


DISCUSSION 


It is evident that extracts from litharge, metallic 
lead, and red lead have definite inhibitive properties, 
whereas those from basic lead carbonate, zinc, and 
zine oxide do not. Inhibitive properties of extracts 
from metallic lead and from red lead appear to be 
of a temporary nature, which is in accord with previ- 
ous work (2-4). Similar temporary inhibitive proper- 
ties have been previously ascribed to basic lead 
carbonate (5) but this was not confirmed in this ex- 
amination. However, properties of these extracts 
may well depend on the method of preparation, 
which may explain discrepancies in the results of 
different investigators. The following discussion is, 
therefore, confined to the behavior of the extracts 
prepared in the manner described above. 

Whereas the protective action of decanted ex- 
tracts from metallic lead and red lead lasted for only 
24 and six hours, respectively, extracts from litharge 
gave complete inhibition for prolonged periods; 
this protective action was not destroyed by filtering 
with a fine quantitative paper such as Whatman 
No. 42. It is proposed, therefore, to discuss first the 
protective action of litharge extracts and then to 
attempt to point out the reasons for the less effec- 
tive protection afforded by the other extracts. 


Protective Action of Litharge Extracts 


From the form of potential-time curves in solu- 
tions containing dissolved air (Fig. 2) and from the 
fact that specimens were unchanged in appearance 
and had no detectable weight loss in five days (Table 
[), it appears that the litharge extract was behaving 
as an effective anodic inhibitor, a conclusion previ- 
ously advanced by Mayne (1). Had the litharge been 
functioning as a cathodic inhibitor, the potential 
would have been more negative and some corrosion 
would have taken place before a protective film was 
formed. 








Mar: : 193: 


Anodic inhibition may presumably be b oug); 
about either by adsorption of lead compounds froy, 
solution onto the anodic areas or by the oxice {ily 
mechanism, which has been proposed for suci: com. 
mon anodic inhibitors as sedium hydroxide (jg 
sodium phosphate (10), sodium carbonate, sodiyy 
benzoate, and sodium silicate (19).4 Failure to do. 
tect even minute traces of lead compounds in passiy. 
ity films makes it unlikely that inhibition is cayse 
by adsorption of lead compound from. solutio; 
Passivity films isolated from initially film-free ste 
specimens passivated for two days in filtered lithary, 
extracts were found to be composed largely 
y-Fe.,O;, no second phase, neither lead compound 
nor hydrated oxides of iron, being detected, |; 
should be pointed out that the electron microscop 
electron diffraction technique developed by Mente: 
(18, 19) was not employed in this examination and 
so detection of small amounts of a second phas 
would not be expected. Chemical examination large} 
precluded the presence of lead compounds, but son 
hydrated oxides of iron, such as_ lepidoerocit 
(y-FeO-OH), might well be present in small amounts 

Inhibitive properties of litharge extracts are d 
pendent on the presence of oxygen dissolved in solu 
tion since it was shown that, when the extracts wer 
deaerated, the potential became very much mon 
negative (reactive) (Fig. 5) and the iron was slow!) 
attacked (Table Il). The form of the potentia 
time curve indicated that the corrosion was large!) 
under cathodic control and that no film formatio 
Was occurring in deaerated solution. This behavior 
identical to that of anodic inhibitors having no 
oxidizing anions such as sodium hydroxide, ca 
bonate, benzoate, acetate, and silicate previous! 
investigated by the author (9). Inhibition is co 
sidered to be primarily due to oxygen dissolved 1! 
solution which adsorps on the surface of the iro 
and takes part in a heterogeneous reaction with su: 
face iron atoms to form a thin film of y-FeQs, prob 
ably in a manner similar to that by which oxi 
films are formed in air. The thickness of simila! 
films of y-FeO; formed in solutions of sodium phos 
phate and in air was found to be 100-200 A (20 
Since the formation of a protective film of oxide 
not instantaneous, it is believed that the initia 
stages of film formation are accompanied by ver 
slow corrosion which, on account of the very sma! 
size of the areas available for anodic reaction, 


‘It was previously suggested (21) that inhibition mig! 
be due to a dilute solution of sodium silicate formed )) 
interaction of water with the glass vessels. Potential! tim 
curves (Fig. 1) and weight loss determinations (Table I) '! 


water that had been stored in glass bottles for four weeks 


show that this explanation is unlikely. 
5 Caleulated on the apparent surface area of the «pec! 
mens. 
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inder anodic control, and leads to the forma- 


au 
ad small inclusions of corrosion product in a 
matri of y-Fe2O 3. It has been suggested that rate of 
form:iion of the oxide film should be independent 
of the pH of the solution (10), but that the rate of 
the accompanying electrochemical corrosion de- 


oreased with a rise in the pH value of the solution. 
since factors tending to stimulate the rate of elec- 
trochemical corrosion should militate against pas- 
sivity, high pH values should be more favorable to 
passi vity and low pH values more favorable to cor- 
rosion. Formation of the inclusions of corrosion 
product, usually lepidocrocite (18), from ferrous 
ions, hydroxyl ions, and dissolved oxygen results in 
the local production of hydrogen ions which are detri- 
mental to passivity; it has been suggested, therefore, 
that anodic inhibitors that have a high pH value 
und are also well buffered are likely to be the most 
effective (19). 


Protective Action of Other Extracts 


Extracts prepared for this examination were all 
found to have pH values higher than 7.0. In addi- 
tion, however, their reserve alkalinities were de- 
termined (Fig. 6 and Table 1). By comparison with 
the weight-loss results (Table 1) it can be seen that 
the reserve alkalinities of the decanted extracts are 
related to their efficiencies as anodic inhibitors. The 

tharge extract with a reserve alkalinity of 15.2 ml 
protected completely; the metallic lead extract, 
reserve alkalinity 7.9 ml, protected for 24 hr, while 
the red lead extract, reserve alkalinity 4.1 ml, pro- 
tected for 6 hr. The remaining extracts with reserve 
ikalinities of 0.3-0.15 ml had no detectable in- 
hibitive properties. 

In practice, these reserve alkalinities are further 
decreased by absorption of atmospheric carbon di- 
oxide which leads vo the precipitation of basic lead or 
ane carbonates. Effect of prolonged exposure to the 
atmosphere on pH values of the extracts is shown in 
lig. 7. The pH value of all extracts became lower 
but the proportionately greatest effect was noted 
vith extracts from metallic lead and zine. 

Lack of protective action of the extracts from 
basic lead carbonate, metallic zinc, and zine oxide 
is thus attributed to their lower pH, and to their low 
reserve alkalinities which makes them unable to 
counteract local drop in pH at anodic areas. 

Extracts from metallic lead and red lead have 
higher initial pH values and greater reserve alka- 
nities than those extracts mentioned above. How- 
ever, lead extract absorbed atmospheric carbon 
dioxide at an inordinately high rate which must re- 
sult in a considerable decrease in its reserve alkalin- 
litial stages of passivation in these extracts are 
‘onsi ered to be similar to those suggested above for 


litharge. There is no evidence that the temporary 
protective action of red lead is in any way connected 
with its oxidizing properties, as suggested previ- 
ously (2). The potential-time curve determined in 
deaerated solution (Fig. 5) showed that these ox- 
idizing powers were insufficient to cause any de- 
tectable film formation. Furthermore, it was previ- 
ously shown by Mayne (11) that lead dioxide, a more 
powerful oxidizing agent, had no inhibitive action 
on the corrosion of iron. One of the differences be- 
tween these extracts and that from litharge is that 
their lower reserve alkalinities are able to maintain 
only a temporarily alkaline pH value at pores in 
the oxide film where hydrogen ions are being gen- 
erated due to the formation of corrosion product. 
Lead extract, having a higher reserve alkalinity, 
maintains the temporary protection for a longer 
time than that from red lead. 


Nature of Extracts from Metallic Lead and Litharge 


Apart from the fact that extracts from litharge, 
metallic lead, and red lead have appreciable reserve 
alkalinities, the composition of these extracts has not 
yet been discussed. Their reserve alkalinities are un- 
doubtedly associated with the passage of lead into 
solution. Formation of the extract from metallic 
lead is, perhaps, most easily understood. It is be- 
lieved that the lead corrodes in the normal electro- 
chemical manner and that the interaction of the 
anodically formed lead ions with hydroxyl ions 
generated at the cathodes leads to the precipitation 
of sparingly soluble lead hydroxide. It has been 
stated (13) that this lead hydroxide then transforms 
into the less soluble lead dioxydihydroxide 
Pb,;O2.(OH)2 or 3PbO-H,O (13). That lead is present 
in solution largely as Pb(OH). [or Pb;0.(OH),} is 
supported by the comparison of the calculated weight 
of lead, as lead hydroxide, required to produce the 
determined reserve alkalinity, with the observed 
weight of lead in solution (Table III). The slight 
discrepancy in results is probably due to action of 
atmospheric CO. which forms some basic lead car- 
bonate which has a very low reserve alkalinity. 
Filtration with progressively finer filter papers re- 
duces the lead content of the solution and the reserve 
alkalinity (Fig. 6 and Table I) by removal of greater 
quantities of insoluble material and probably also 
by adsorption of lead on the filter paper (1). A por- 
tion of the lead in solution appeared to be in col- 
loidal form and was not removed by filtering with 
Whatman No. 42 filter paper. The ultraviolet ab- 
sorption spectrum of such a solution was a curve 
characteristic of scatter from colloidal particles. 

Appreciable quantities of litharge are known to 
be dissolved by distilled water (22) and the result- 
ing solution is alkaline (11). The weight of litharge 


dissolved is said to be reduced in the presence of 
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carbon dioxide. Litharge was assumed to be in solu- 
tion in the form of Pb(OH), by Glasstone (23) who 
quoted a value of 1.7 K 10~ for its solubility prod- 
uct. According to (13), 
Pb(OH). had two stages of ionization, viz.: 


Pb(OH). 
Pb(OH)* 


Pleissner however, the 


Pb(OH)* + OH’ 
Pb*+*+ + OH’ 


for which a, the percentage degree of ionization, was 
27 % for the first step. This was supported by the 
observations of Beri and Austerweil (24) who found 
complete ionization of a solution of Pb(OH), con- 
taining 0.262 millimole/liter. 

Several experiments were performed to determine 
whether litharge extract differed from lead extract 
because lead concentration in solution was higher, 
or because the lead in solution was present in some 
different form. It was first found (Table III) that, 
although the reserve alkalinity of the litharge ex- 
tract was higher than that of lead extract, the pro- 
portion of the total lead, calculated as lead hy 
droxide, apparently contributing to reserve alkalin- 
ity, was lower. This appeared unlikely to be due to 
absorption of atmospheric CO. which was less read- 
ily absorbed by litharge extracts than by metallic 
lead extracts (Fig. 7). Furthermore, although the 
buffering power of decanted extracts accurately re- 
flected their relative inhibitive powers, this was not 
so with filtered litharge extracts, some of which gave 
complete inhibition with reserve alkalinities as low 
as 1.6 ml (Table 1). Dialysis experiments indicated 
that these extracts contained a proportion of lead 
in the purely ionic form rather than as colloidal 
Pb(OH )2; this conclusion was supported by the ultra- 
violet absorption spectrum, which showed that the 
filtered 
greater total weight of lead than the filtered lead 


litharge extract, although containing a 
extract, gave less random scatter (due to the presence 
of colloidal particles) but had an absorption band 
at 2080 A. This band is not found in the spectrum 
of molecular PbO and is probably characteristic of 
some form of ionic lead. 

No one section of the above evidence is conclusive 
in itself, but taken together these points indicate 
that the lead in litharge extracts is partly present 
in some different form from that in metallic lead 
extracts, which appear to contain lead mainly in 
the form of Pb(OH).. Since pH considerations largely 
preclude the formation of plumbite ions and lead 
ions themselves have no inhibitive properties (1), 
it appears that the lead may be partly present as 
Pb(OH): and also as Pb(OH)* ions. These ions would 
be expected to have a greater mobility than col- 
loidal Pb(OH): and would react more quickly with 
hydrogen ions formed at anodic areas and, there- 
fore, produce more effective buffering. This may 


explain not only the superior buffering action, but 





also the superior inhibitive properties of the ithgy 


extracts. Since the Pb(OH)* ions would be © <pecty 


to have a low transport number their rate 0: migy, 


tion away from anodic areas should not 


© high 


enough to detract from their local buffering actiy 
and hence from their inhibitive properties. 
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\casurement of Particle Size Distribution 


of Phosphors 


Martruna J. BerGin AND Kerru H. BuTLER 


Sylvania Electric Products Inc., Salem, Massachusetts 


ABSTRACT 


A quick method of calculating particle size distribution from optical measurements 
of sedimentation rates is described. It is shown that the apparent mean diameter is 
greatly influenced by degree of dispersion of the powder and that reproducibility re- 


quires careful control of dispersion 


INTRODUCTION 


Use of a single mean value to express “‘particle 
ize’ of a nonhomogeneous powder does not ade- 
quately define coarseness or fineness of the powder. 
Depending on the particular method of measure- 
are 


ment or caleulation employed, there several 


different average diameters. For a_ satisfactory 


definition of the powder, particle size distribution 
must be known. 

Similarly, there is no universally applicable 
method for determining particle size distribution of 
powders because of the tremendous range of sizes 
encountered. Microscopic counting can be applied 
over a considerable range by using variable mag- 
ification, while extremely small size material may 
be measured by use of an electron microscope. 
However, at best, counting is an extremely tedious 
process 

Within a limited range of particle size, gravity 
sedimentation in a liquid medium is adequate, but 
the problem of measuring the amount of material 
settled in a given time presents some difficulties. 
the 


pipette or the Oden balance are accurate, but again 


Gravimetric methods, such = as Andreasen 
the elapsed time from start to finish is quite long. 


Measurement of optical transmission during 
sedimentation is a very convenient method experi- 
mentally, but interpretation of data has required 
rather slow and complex calculations (1) giving, 
linally, a histogram of distribution. A somewhat 
simpler method of calculation is described by Mus- 
grave and Harner (2), but even this requires con- 
siderable time, which has limited its use. 

The particle size of phosphors used in fluorescent 


lamps and television tubes lies inside the range for 


gravity sedimentation. Knowledge of their particle 
SIZ stribution is valuable both for control of 
liring procedures and milling methods, as well as for 
development of new. methods of making and proc- 

uscript received June 26, 1953. This paper was 


prey for delivery before the New York Meeting, April 
-! 1953. 
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essing these phosphors. Limitations of previously 
described methods have so restricted their general 
use that important differences between phosphors 
are frequently not recognized. 

This paper presents a simplified method of cal- 
culation using 
distribution 


optical transmission data, with 


which a curve can be obtained in 


hours. It is thus suited for 
control work. The method is based on two postulates: 


minutes rather than 


first, the light scattering coefficient is independent of 
particle size, and second, the particle size distribu- 
tion function can be represented adequately by a 
log-normal probability function. 

Using optical transmission data, a simple slide rule 
calculation gives points for plotting on probability 
paper, and a simple graphical conversion gives 
distribution of particle size. 

The limited by 
which are adequately met by 
the 
smaller 


method is three requirements 


most phosphors: 


(a) distribution contain few 


must particles 


than 2 yw, because turbulence invalidates 


Stokes’ law for smaller particles; (6) only a small 
percentage larger than 50 uw should be present to 
avoid difficulty in obtaining transmission at zero 
time, as a result of excessively rapid settling; (c) 
there must be an adequate difference in refractive 
index between the particle and the medium to insure 
constancy of the light scattering coefficient. 

Since the basic purpose of the work was develop- 
ment of a rapid method suitable for comparison 
measurements on similar materials, rather than that 
of a precision method for absolute values on a wide 
range of materials, no attempt was made to estimate 


absolute errors resulting from approximations used. 
MATHEMATICAL DISCUSSION 
Basic Principles 


Several texts (3, 4, 7) discuss in detail the rela- 
tionship between transmission and particle size. It 
should be pointed out that light is scattered by 
transparent particles suspended in a medium with a 
different refractive index. Light which enters the 
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slit and thence the photocell has two components: 
first, all of the unseattered light, and second, part 
of the scattered light. With the geometry of the 
Photelometer, the correction for scattered light is 
small and will be only slightly changed by particle 
size or concentration. 

The amount of light transmitted through the 
suspension is given by Beer’s law which can be 
expressed in the form 


L/L. = e~** (1) 


x 


where B is the sum of cross-sectional areas of the 
particles; A is the constant dependent on dimen- 
sions of the equipment and on scattering coefficient 
of the particles, L, is light transmitted through 
the suspension at time ¢, and L, is light trans- 
mitted through the system free of particles. The 
zero subscript (e.g., Lo) denotes the value at a 
settling time of ¢ = 0. Formula (1) can be converted 
to natural logarithms 


In (L,/L.) = KB (II) 


The assumption that a log-normal probability 
distribution of particle size is present holds for many 
industrial products prepared by firing or grinding. 
Both operations are common in the preparation of 
phosphors. Separation by centrifuging or elutriation, 
or in a few cases by screening, may significantly 
alter the distribution so that the log-normal law 
does not hold. However, these operations are Bot 
customary in phosphor preparation, so they should 
not affect the validity of the postulate. In any event, 
an inspection of plotted data shows whether a 
log-normal distribution does exist. 

It is assumed that the constant, K, in Beer’s law 
is independent of particle size. Its variation with 
particle size, index of refraction, and wave length of 
light has been thoroughly discussed in recent liter- 
ature on optical scattering coefficients, with DeVore 
and Pfund (5) and Gumprecht and Sliepcevich (6) 
giving excellent summaries. 

DeVore and Pfund show a universal scattering 
curve in which the abscissa is the parameter 
d/\ (m* — 1)/(m? + 2). When this parameter* is 
above 0.6, scattering remains constant at 2.0 over 
a very large range of parameter values; while, if the 
parameter falls below 0.6, the scattering coefficient 
deviates considerably from this constant value. 
Hence 0.6 may be chosen as a limiting value for the 
parameter. With zine sulfide in water, the parameter 
drops to 0.6 at a particle size of 44 yw. Since most 
television phosphors are above this size, it can be 
assumed that the scattering coefficient is constant. 

For caleium halophosphates in water, because of 

?d is the particle diameter, \ the wave length of light, 


while m is the ratio of refractive indices of particle and 
medium 





Mar: h 19; 


the different refractive index, the limiting vo ue (5 
of the parameter is reached at 2.0 yw diame er, |) 
this case, deviations from Beer’s law may be , 
little more pronounced, but, since these ph: sphors 
are usually large in particle size, the assuinptio, 
that the scattering coefficient is constant seen, 
valid. Even with xylol as the medium, Beer’s |g) 
holds adequately for most phosphors. 

Applying formula (11), it can be seen that th 
ratio of the total cross-sectional areas of particles j 
the suspension at time /, to that present at time ¢ = 
0, is given by: 


B,/Bo = [In (L,/L,))/{Iln (L,/Lo)). (HI 


This can be converted to common logarithms ay 
simplified by setting L, = 1, and expressing | 
and Lo in terms of this unit, giving 


B,/By = (log 1/L,),/ (log 1/Lyp). I\ 


This ratio can be quickly determined by a slid 
rule calculation after Ly and L, are known. Sine 
B, is the integral of the cross-sectional area of t! 
particles which have not settled out at time 
while By is the corresponding integral for 1! 
complete distribution, then plotting on logarit! 
metric probability paper 100 B,/By against tin 
of settling should give a straight line, if the log 
normal law for particle size distribution is va 


(Conversion of Data 


Having obtained the first graph of the functi 
(log 1/L,)/(log 1/Lo) against time, conversion to 
graph of F(d)*® against diameter is quite simple. |! 
is assumed that Stokes’ law holds, and this may | 
written as: 


d = 18 X 10° hn/(D, — Dz)gt \ 


where d is diameter in microns, 7 is viscosity 
poises, A is distance settled in centimeters, D, 
absolute density of the particles in grams/cc, D) 
density of the medium, g is 980 (the gravity co! 
stant), and ¢ is time in seconds. 

Using this formula, the diameter corresponding | 
a 100-min settling time is calculated, From tv 
graph, the percentage settled at 100 min is 
termined, and this percentage plotted against «a 
culated diameter. A point corresponding to |-™ 


settling time is plotted against ten times thr 


diameter, and a straight line drawn through th 
two points. This plot can be made on the same shee! 
of log-probability paper used for the original dats 

From this graph, it is possible to determine th 


median diameter, d,,, which is the 50% poin! an¢ 


also the standard deviation, ¢, which is given )) 


o0 = diameter at 50.00% /diameter at 15>) 


*F(d) is the cumulative per cent of particles |v"! 
diameters below diameter d. 
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Th median optical diameter, d.,, is also the 
eon mean optical diameter based on area. 
Th: veometriec mean diameter, d,, as defined by 
Halla\ alle (5), is expressed as 
log d, = =n log d/=n (VI) 


This diameter is based on length, as determined by 
microscopic counting. Similarly, d,, is the geometric 
mean diameter based on weight (or volume) in the 
ease of a screen analysis. So there are three separate 
veometric mean diameters: d, based on length, 
/,, based on area, and d, based on volume. 

From the two parameters d,, and ¢, thus obtained, 
any desired statistical diameter can be calculated 
ising methods given by DallaValle (3) or Herdan 
1). Some of these conversion formulas are listed 

F below for the most commonly used diameters. 
(he parameters d, and d, are defined above; dys 
represents the mean volume-surface diameter, and 


the weight mean diameter in DallaValle’s 
otation. 

log d, = log d., — 4.606 log’e (VII) 

log d, = log do» + 2.303 logee (VIII) 

log d.. = log do, + 1.151 log’e (IX) 

log d, = log doy + 3.454 log*e (X) 


lt is sometimes convenient to have a frequency 
irve with per cent plotted against diameter or 
gainst log of the diameter. This is done by picking 

appropriate points and plotting differences 
wainst the average of the diameters using uniform 
intervals. In the case of a plot against log diameter, 
a geometric progression of diameters is used, e.g., 
0.5, 1, 2,4, 8 uw, with the point being plotted at the 
geometric mean of the interval. 

The probability chart method of representing 
particle size distribution is not commonly used in the 
pipette method of measurement. In the present 
ipplication, the procedure used was very similar to 
that used for optical measurement. It was tested to 
confirm by another method the fact that the dis- 
tribution present in phosphors conformed to the log- 
normal law. The weight of powder in a unit volume of 
suspension was determined at a fixed point after 
various times of settling and expressed as a per- 
centage of initial concentration. These quantities 
were then plotted against time on log-probability 
paper, and, by Stokes’ law, converted to a plot of 
diameter. A comparison of the two methods is 
shown in Fig. 1. It should be noted that in the 
optical method 100-min settling corresponds to 
«| while in the pipette method 100 min cor- 

authors wish to thank Mrs. Mary 8. Jaffe, one of 


ewers of this paper, for clarifying the mathematics 
liffieult subject and correcting some errors in the 
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TRANSMISSION FUNCTION OR CUMULATIVE PERCENT 
Fic. 1. Comparison of particle size distributions of halo- 
phosphates determined; curve A, by pipette method, curve 
B, by optical method. 


responds to 4.4 yw, because of differences in the 
distance settled and in viscosity of the media. 
Both methods show that distribution was of the 
log-normal type. 


EXPERIMENTAL Data 


In the present paper, data are intended to show 
application of the method to several phosphors, 
with some examples to show the effect of variables 
in the testing method on results. 


Typical Experimental Run 
YI l 


Experimental data reported in this paper were 
obtained on the Photelometer.® This instrument (1) 
consists essentially of a tungsten light source, a 
sedimentation cell, and a photocell whose response 
is measured on a microammeter. The amount of 
light which passes through the cell is recorded at 
predetermined time intervals. A reading of 100% 
transmission through the clear medium in a dupli- 
cate cell is used as reference. Although no provision 
is made for control of temperature around the cell 
itself, heat generated from the light source is elimi- 
nated by means of a heat absorber placed in the light 
path. A volume of 13 ml of suspension is normally 
placed in the cell. These conditions give a settling 
path of 3.4 em. 

To determine particle size, enough powder to give 
an initial transmission of between 20-40% (pref- 
erably 20-30%) is dispersed in a suitable medium. 
A more complete discussion of methods of dispersing 
is included in the next section. For most phosphors, 
a trisodium phosphate solution (1.0 g/ 100 ml water) 
accompanied by hand shaking of the cell for two 
minutes was found adequate to produce complete 


5 Central Scientific Company 













defloceulation. The cell was then inserted into 
the Photelometer and percentage of light trans- 


mitted recorded at various times. 






The work sheet shown in Table I gives typical 
data as obtained on a zine sulfide phosphor of the 
type used in cathode ray tubes. Data correspond to 


TABLE I 


cathodoluminescent sulfide 


Powder zine 


type 
Dispersing solution—1% trisodium phosphate 


Hand shaking (2 min 
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Fic. 3. Transmission function and derived particle s 
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TABLE II. Data for Stokes’ law calculation for Zps 






















2 68 0.168 $2 $1 0.388 74 
3 83 0.081 20 15.4 0.342 66 
t 92.5 0.034 8.5 19.2 0.308 59 
5 53 0.276 53 
6 55 0. 260 19 
7 57 0.244 17 
Ss 60 (). 222 5) 
9 62 0.208 1) 
10 64 0.194 37 
15 70 0.156 30 
20 72 0.144 27 
25 74 0.131 24 







At zero time (by extrapolation), Photelometer reading 


t At zero time, Photelometer reading 30%. 
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Fig. 2 


distribution of cathodoluminescent zine sulfide; dispersed 


Transmission function and derived particle size 


by hand shaking 


Temperature 25°C 
Medium Water 
Viscosity 0.009 poises 
Settling distance 3.4 em 
Particle density $.10 g/ce 
Medium density 1.00 g/ce 
Time in seconds 6000 
Calculated particle diameter 1.75 


Fig. 2 and 3. Table II gives necessary data for th 


Stokes’ law calculation shown by formula (\ 


Method of Testing Dispersion 


In dealing with sedimentation, the effect of dis 
persion is vitally important. Since terminology 
very poorly established, “primary particle,” “ag 
gregate,”’ and “‘flocculate”’ as used in this paper 
be defined. 


A “primary particle” is one which, when observed 


in the microscope, has well-defined boundaries a 
appears to be a single crystal. 

An “aggregate” is a group of primary particle 
held together by some type of cementing agent + 
that mechanical work is needed to separate them 

A “floeculate”’ is a group of primary particles or 0! 
aggregates present in a suspension, and held to 
gether by electrical charges, so that only a minut 
amount of mechanical work is needed to break then 
down into smaller particles. Such flocculates are no! 
present if the suspension is properly dispersed 

The major problem in preparing suspensions !0 
any determination of particle size by sedimentatio! 
is that of preventing flocculation, since settling ral’ 
of a flocculate is approximately that of an equiv:le!! 
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spher al particle having the same total mass. To 50 
obtar. accurate results, it is therefore necessary to ? \ 
use dispersing agent to prevent flocculation. 32 
> determine whether a suspension is defloccu- 
lated, a quick test is observation of a drop of the 1* | 
aispeusion magnified about 250 times. If sufficient 8 © D 
dispersing agent is present, smaller particles will be “ 
», Brownian motion, and when two of these small 8 
particles come in contact, they will promptly sepa- | ° 5 
rate rather than cohere. Use of an excess of agent may = 
lead to reflocculation. rc 4 q 
\ more precise test is to determine particle size " ‘\ 
vith varying amounts of dispersing agent present. “} 2 \ 
if dispersion is good, particle size will be repro- = 
lucible and will be smaller than the size obtained z 
vhen either insufficient or excess agent is used. | a ‘ a 
Method of Dispersing Phosphors 7 
Since phosphors as prepared and used are known 0A ‘ 
io contain large numbers of aggregates of various N 
sizes and band strengths, it is obvious that the R 


method of dispersion may have a great effect on 
particle size distribution. 

lf severe mechanical work is applied to the sus- 
pension, all but the most firmly cemented aggregates 
ill be completely separated and particle size dis- 
tribution will approach that of -primary particles. 
lf this work is performed on a dilute suspension, for 
example by agitation with a Waring blendor, it is 
mprobable that any primary particles will be 
broken, but aggregates should be separated. This is 
discussed in more detail in a later section. 

Fig. 4 shows the effect of various periods of 
iitation in the Waring blendor with 0.2 gram of 
i fluorescent ZnS and 1.0 gram of phosphate per 
100 ml of water. Effects of aggregation on settling 
rate are quite striking. The shaken suspension is 
apparently a mixture of coarse and fine material as 
shown by the break in curve A. The coarse fraction 
s quite uniform; i.e., on a particle size basis, o is 
ow. With increasing time of agitation in the blendor 
this breaks down gradually. At one minute a mixture 
of coarse and fine exists as seen in curve B; at three 
minutes there is no evidence of coarse material 
curve ©); and at ten minutes the settling rate is 
still slower. Conversion of these data to particle 


>) 


ze distributions shows that o becomes smaller for 
the fine fraction as time of agitation increases. 

Obviously, a great deal of care is needed in setting 
‘conditions of dispersion for powders of this type, if 
reproducible results are to be obtained. 

Very gentle agitation, such as shaking by hand or 
DN vrist-action mechanical shaker, is sufficient 
lo de loceulate the material without breaking down 
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* TRANSMISSION FUNCTION 


Fic. 4. Effeet of dispersion time in Waring blendor on 
transmission function 100 B,/Bo; curve A, hand shaken; 
curve B, 1-min mix;curve C,3-min mix;curve D, 10-min mix 


any aggregates except those with very weak bond- 
ing. 

Particle sizes obtained have been designated: 
(a) aggregate particle size (D,,). This is the result 
obtained by hand shaking for two minutes; (6) 
ultimate particle size (d,,).6 This result is obtained 
using the Waring blendor. 

As was indicated in the experimental section, 
phosphors were dispersed with suitable agents in 
distilled water. Approximately 0.2 gram of phosphor 
was used per 100 ml of solution in the Waring 
blendor tests. In hand shaking, sufficient phosphor 
was added to 13 ml of the solution to give an initial 
transmission reading of between 20-30%. 


Data on Calcium Halophosphates 


Several dispersing agents were tried with calcium 
halophosphates; of these, dilute ammonium hydrox- 
ide or dilute trisodium phosphate gave the most 
reproducible results. The effect of powder concen- 
tration during sedimentation was tested by runs 
with 0.5 gram, 100 ml giving an initial transmis- 
sion of 12% and 0.17 gram with an initial transmis- 
sion of 39%. The results, shown in Fig. 5, in- 


‘This ‘‘ultimate particle size’? approximates that of 
primary particles, but a few aggregates may be present. 
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particle sizes. This may be due to breaking } 
64 \ impact of one particle against another. 
7 . : There is a striking difference in behavior of varioy, 
- © <_| phosphors when agitated in a Waring |} lend, 
ra Halophosphate phosphors show evidence of gop, 
a aggregation, but the breakdown from mechani, 
ce 7 \ work is slight. In contrast, the fluorescent ;j) 
~ } sulfide? is composed of large aggregates, which a 
= fs readily separated by the Waring blendor, indicatiyy 
z % that bonding forces are weak. Each particy); 
* 4 powder must, therefore, be tested with varyiy 
@ degrees of mechanical work to determine how m 

‘ x dispersion is needed to give the ultimate part 

size. 
> 10 30 50 70 90 98 Data on Calcium Tungstat 

TRANSMISSION: FUNCTION Fig. 6 shows typical data on a calcium tungstay 

Fic. 5. Effect of concentration during sedimentation on phosphor dispersed by two methods. The effect 
transmission function with halophosphate phosphor. mixing in the Waring blendor was much like ¢) 


observed with calcium halophosphate. 








(‘ONCLUSION 


\ This paper has presented a quick method for 
N "4 termination of particle size distribution of phosphor 


Dop , 5 lia 
y d by measurement of optical transmission duriy 
op . 
» ee. 


va “a sedimentation. It has been assumed that Beer’ 


law applies, and that distribution conforms to |! 


32 











RA log-normal law. Accuracy is more than adequate | 


a 
NY many control and experimental applications. In ai 





dition to phosphors, the method is potentially use! 
p for other powders with particle sizes between 2 a 
, A N 5O wu. 
\ Any discussion of this paper will appear in a Discuss 
\ \, Section to be published in the December 1954 issue of ' 
2 i0 30 50 70 90 08 JOURNAL. 
TRANSMISSION FUNCTION oR CUMULATIVE PERCENT 
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Electrothermal Heating of Solutions' 
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ABSTRACT 


For heating and evaporation of concentrated solutions of electrolytes, the solution 
itself can serve as a resistor to give uniform heating throughout. Solutions of salts hav- 
ing a negative temperature coefficient of solubility can be concentrated by electrical 
heating, provided electrodes are maintained at a temperature below that of the solution. 
Experimental details are given for solutions of sodium sulfate. The electrical conductiv- 
ity of saturated solutions of NasSO,, NasCO;, Na;PO,, and MgSO, has been determined 


from 25°C to 75° or 90°C. 


INTRODUCTION 


It is difficult to heat solutions of salts which have 
«negative temperature coefficient of solubility. These 
salts with an “inverted solubility curve” are well 
known as ones that form hard deposits of scale on 
heat transfer surfaces. Sodium sulfate, sodium car- 
bonate, and calcium sulfate are salts of this type. 
sodium sulfate is of particular importance because 
it usually is recovered from natural brines and in- 
dustrial operations as sodium sulfate decahydrate, 
NaSO,- 10H.O, containing 56% water which must 
be removed before it is economical to ship the salt 
any distance. This problem of dehydration is one 
that has been attacked by many methods (1), of 
which submerged combustion, or internal heating 
with hot gases, has been the most successful (2). 
This process requires gaseous fuel which is not avail- 
able in many localities. 

One possible method of heating concentrated solu- 
tions has not been investigated. Little use has been 
made of the fact that the concentrated solution it- 
self can be made the resistor in an electrical circuit 
and electrical power converted into heat uniformly 
within the body of the solution. The electric steam 
boiler is well known, but this has operated on dilute 
solutions. No work has been done on use of electrical 
energy for internal heating of saturated solutions, 


particularly solutions of those salts that are scale- 
lormers, 


Satt HypDRATES 


Some salts that are dehydrated industrially to 
produce an anhydrous, or less hydrated, salt are 
Monuseript received April 17, 1953. The experimental 
work irted here was conducted in the laboratories of the 
Depa nt of Chemical Engineering, University of Wash- 
ington, Seattle, Washington. 


NaSO,-10H2O (which contains 44.2% anhydrous 
salt ), NacC( Jo: 10H.O (37.1%), NasP Yg- 12H.O 
(43.2%), MgSO,-7H2O (48.9%), FeSO,-7H.O 
(54.7%). Although the feasibility of using electrical 
power for the dehydration process depends on eco- 
nomic considerations, the technical merit of the proc- 
ess warrants investigation, as does the action of 
scale-forming salts on electrodes. Fundamental] data 
should be obtained which can be used for design 
purposes. 

A large amount of data is available on electrical 
conductivity of dilute salt solutions, but few data 
are available on saturated solutions. Conductivity 
of saturated solutions of four salts (NaeSO,, NacCOs, 
Na;PO,, and MgSO,) was determined from 25° to 
75° or 90°C. Saturated solutions of an analytical 
grade of these salts were prepared by rotating a bottle 
containing a salt excess for 1 to 7 days in a thermostat 
set at the desired temperature. Concentration of the 
solution was determined to ascertain that it checked 
known solubility data. The saturated solution was 
transferred from the bottle to a calibrated con- 
ductivity cell immersed in the same thermostat, 
and conductivity of the solution was determined. 
Data are given in Table I and shown on Fig. 1. It 
undoubtedly is safe to extrapolate conductance 
curves for sodium sulfate and carbonate to their 
normal boiling points. For sodium phosphate and 
magnesium sulfate, both the solubility and con- 
ductance increase with temperature, so that extra- 
polation may not give a reliable value. 


DEHYDRATION OF SopiumM SuLFATE DECAHYDRATE 


Because of the industrial importance of sodium 
sulfate and its well-known tendency to form scale, 
a small installation was built to study dehydration 
of sodium sulfate decahydrate to anhydrous salt. 
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TABLE I Specific conductance of saturated solutions of 


four salts 


Specific conductance, mhos per cm# 
remp, 


NaeSO, NasCO; NasPO, MgSO, 


0.124 0.103 0.0702 0.0473 
0.137 0.0984 0.0751 0.0494 
0.147 0.0991 0.0821 0.0506 
0.152 0.102 0). O867 0.0524 
0.188 0.134 0.0973 0.0537 
0.218 0.167 0.104 0.0545 
0.278 0.234 0.187 0.0572 
0.334 0.286 0). 228 0.0588 
0.394 0.366 














TEMP., “4 > 


Fic. 1. Electrical conductivity of saturated salt solutions 


The transition temperature of decahydrate to an- 
hydrous salt is 32.4°C, above which sodium sulfate 


has a negative temperature coefficient of solubility. 
Solid sodium sulfate decahydrate added to a boiling 
solution will melt incongruently and immediately 


deposit part (47%) of the anhydrous sodium sulfate. 
The remainder of the sodium sulfate must be ob- 
tained by evaporating the water of hydration. A 
cycle of operations can be devised which will require 
au minimum of electrical energy by taking only the 
anhydrous sodium sulfate deposited on melting and 
returning the mother liquor to a natural pond for 
recrystallization of more decahydrate crystals. Such 
an operation calls for more pumping and handling 
of solids, so usually it is not practical for operations 
based on industrial production of decahydrate, or 


le 





























=< 


GATE VALVE 


— 


AIR” LIFT 
NOZZLE 


Fig. 2. Evaporator 


where refrigeration is used to crystallize decahydra 
from a solution. 

An evaporator with a conical bottom was adapte! 
for electrothermal heating. Fig. 2 shows the evapo: 
tor, 12 in. in diameter, body 18 in. high with a conica 
bottom 12 in. high terminating in a 2-in. ips coupling 
to which was attached a rapid opening gate val\ 
To circulate the solution, a 44-in. pipe was connected 
at the bottom with an air inlet to form an air-li 
Because of the relatively small diameter of th 
evaporator, a glazed sewer tile was hung central! 
in the evaporator body and one electrode, a (- 
diameter disk, was suspended within the tile. Th 
evaporator body served as the other electrode a 
resistance of the system could be varied by changi¢ 
the location of the central electrode. The 60-cy: 
electrical power was passed through a step-dov 
transformer to give 150 amps at 32 volts. A wat! 
meter in the circuit measured power input to 
evaporator. The evaporator body was covered Wi! 
magnesia insulation to decrease heat losses. \ pr 
liminary experiment showed that evaporation 
equivalent to 95.0% of power input. 

Numerous runs were made varying the cent! 
electrode size and position and with various ro tes 


feed of decahydrate to the evaporator and y will 
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rates 0) irculation of solution within the evaporator. 


From (ese experiments it was concluded that the 
E .jectro.uermal method of heating was entirely satis- 
factory for saturated solutions of sodium sulfate. 
iRoiling took place uniformly throughout the solu- 


‘ion. Solid sodium sulfate decahydrate could be fed 
Jirectly to the solution to take advantage of incon- 
melting. Crystal size of anhydrous sodium 
ailfate deposited from solution depended on crystal 
ye of the decahydrate feed. Large-size feed crystals 


gruent 


formed larger crystals of anhydrous salt. In general, 
most of the anhydrous salt was retained on a 48 mesh 
~reen. Cireulation of solution using the air-lift 
caused a marked increase in size of the crystals 
formed, as would be expected from the Oslo system 
oi evaporation and crystallization (3). 


ScaALE FORMATION AND CORROSION 


In all runs with sodium sulfate, scale formed on 
ihe central electrode but none formed on the evapora- 
r body which was the other electrode. Because of 
mall area and high current density on the central 
electrode, its surface temperature undoubtedly was 
higher than the solution temperature, so that scale 
mation on the inevitable. 
of current that 
uld pass through the electrode surface. At times 
the hard scale would crack and fall from the elec- 
dle, which would cause a surge of current into the 
ition, but continued operation would build up 
other layer of scale. 


hotter surface was 


scale 


would decrease the amount 


The problem of scale formation was studied along 
th electrode corrosion, in a different electrolytic 
This was a rectangular stone cell, 7 x 7 x 18 in., 
hich was covered thermal insulation. One 
electrode was a sheet iron box 5.5 x 4.5 x 0.5 in. In 


with 


0 hours this electrode was covered with an im- 
pervious coating of scale. A similar electrode was 
made, differing from the first only by placing copper 

et and outlet tubes so that water could be circu- 
ied through the box. On this new electrode, main- 
lained at a temperature below that of the solution, 

) scale formed after six hours of operation (4). 
These electrodes after use are shown in Fig. 3. 

Corrosion was found with mild steel electrodes, 


i study was made of other materials. Electrodes 
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Fic. 3. Uneooled (left) and cooled (right) electrodes 
operating in boiling sodium sulfate solution. 
TABLE IL. Corrosion of electrode materials in ten hours in 


Loiling sodium sulfate solution 


Metal Loss in wt, “ 

Galvanized iron 2.3 

Copper 9.0 

Tin 2.6 

Stainless steel, KA2 0.0 

Aluminum 13.4 (1 hr only) 
Monel metal 2.4 

Zine 3.3 

Lead 20.0 

Cast iron Nil 


were cut approximately 5 x 6 in. and measured ac- 
curately as to area and weight. Current density was 
maintained at 4.4 amp/dm®?, and time of operation 
was 10 hr. Results are given in Table II. All metals 
showed marked steel, 
sheet tin, and cast iron. Monel metal showed deep 


corrosion except stainless 
grooves after ten hours. No quantitative measure- 
ments could be made on cast iron because of the 
weight of the electrode. After 20 hours of operation, 


ho pitting or corrosion could be observed. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL, 
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Diaphragm Type Amalgam Caustic-Chlorine Cell’ 
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ABSTRACT 


An amalgam-type caustic cell was studied. It consisted of an anode compartment which 
contained brine and graphite anodes, and a cathode compartment which contained a mer- 
cury cathode, denuder water, and graphite chips. The compartments were separated by 


’ 


a horizontal ‘‘nylon’ 


cloth diaphragm. Optimum operating characteristics of the cell 


were: denuder liquor velocity, 8.0 gal/hr/ft* Hg; brine velocity, 1.0 gal/hr/ft* Hg; brine 
temperature, 50°C; current density, 1.0 amp/in.* Hg, and a voltage drop of 3.70 volts. 
The cell produced 0.80 lb caustic soda/kwhr at a current efficiency of 90-91%. This indi- 
cates slightly improved efficiencies over present commercial operation. 


INTRODUCTION 


Most commercial amalgam caustic-chlorine cells 
employ flowing mercury in both the electrolyzer and 
decomposer sections of the cell. A cell with a sta- 
tionary mercury pool supported between an elec- 
trolyzer section on the bottom and a decomposer 
should be sodium 
amalgam is lighter than mercury, the amalgam 
should rise from the electrolyzer interface to the 


section above effective. Since 


decomposer interface. 

A similar cell may have been proposed earlier 
(1, 2). Operation of such a cell was apparently not 
successful due to failures of construction material. 
Patents (3-5) have been issued to cover this type of 
cell construction ; however, no extensive studies have 
been reported. 

EXPERIMENTAL 
Cell 

A diagram of the cell is given in Fig. 1. 

Brine solution was kept in a two-liter glass vessel 
which contained a shelf built around its circum- 
ference. On the shelf, supported by rubber blocks, 
rested a glass cylinder of 350 ml capacity. A taut 
nylon cloth? which acted as the diaphragm was 
stretched across its lower face. The cloth was fastened 
around the glass cylinder by a metal band; the 
edges of the cloth as well as the metal band were 
covered with de Khotinsky cement. A 0.135 cm 
thick mercury pool was placed on the diaphragm, 
and above the mercury pool rested 250 ml of water. 
Except where otherwise noted, graphite chips com- 
pletely covered the mercury-water interface to pro- 

‘ Manuscript received May 15, 1953. The work reported 
in this paper is taken from the thesis of Attilio Bisio pre- 
sented in partial fulfillment of the requirements for the 
degree of Bachelor of Science, June 1953. 

? Present address: Amersil Company, Inc., Hillside, New 
Jersey. 

*“Vinyon N” cloth supplied by the Carbide and Carbon 
Chemical Corporation, New York, N. Y. 


vide a surface of low hydrogen overvoltage. Chip 
size was —3.5/+4.0 Tyler Standard Screens; then 
was 0.75 gram graphite/em* mercury surface. Thy 
anode was a graphite plate which encircled the inner 
compartment at mercury level. Thus, electrolyze 
and decomposer sections were created. 
Electrolyzer or denuder solution could be added 
independently or removed by means of siphgns and 
dropping funnels. Mechanical agitation was not en- 
ployed in either compartment of the cell. Brine feed 
to the electrolyzer was saturated at the brine feed 
temperature. A standard selenium rectifier was used 
to provide power needed for experimental work 
Auxiliary voltmeters and ammeters were placed | 
the electrical circuit of the cell as needed, in additio 
to meters contained in the rectifier assembly. 
Ordinary electrode-grade graphite‘ proved suit- 
able for electrolysis of the brine. With proper contr 
of brine composition at 324 + 30 grams NaC} lite 
H.O, long anode life can be anticipated. Graphit: 
anodes which were kept under 24-hr service for thre 
months showed no change in weight, water displace 
ment, electrical conductivity, or visual appearance 
During prolonged electrolysis the cell showed 10 
voltage trend, indicating absence of any significan' 
change in surface characteristics of the electrode 
Contact to the mercury cathode was made by 
Monel screen immersed in the mereury. The electrics 
contact was permanent and effective, and ama 
gamated after a few moments of operation. 


Voltage Studies 


Voltage drop across the cell depends upon thi 


average current density at which the cell is operate?, 
temperature, concentration of electrolyte, sodium 


content of the amalgam, cathode-anode spacilit 


diaphragm resistance, and means of removing chil 
rine bubbles. The voltage-current density re!atio 


ship for the experimental cell is shown in Ig. - 


*Grade A6NX, National Carbon Company. 
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Exact _ ope of the curve is influenced by details of 
cell con -iruction and by the extent to which parasitic 
resista’ es have been minimized. Voltage drop across 
the ce increased relatively slowly with increasing 
averag’ current density. The fact that no gas is 
yonerated at the mercury cathode contributes sub- 
santis ly to this favorable relationship. High con- 
ductivity of brine solution is also a contributing 
factor 

Cell voltage was not influenced by brine flow rate 
over the range 0.0-10.0 gal/hr/ft? Hg. Flow rate is 
defined as the turnover in a chamber, in the sense that 
+ is an indication of volumetric contact with the 
mercury surface. The geometry modifies effects of 
turnover. At flow rates higher than 10 gal/hr/ft? Hg 
and constant average current density, the voltage 
initially decreased with increasing flow rate, then 
finally levelled off. No quantitative measurements 
were made in this region. The denuder flow rate had 
no effect on voltage drop across the cell, which is 
shown as a function of temperature in Fig. 2. 

Since decomposition voltages of brine solutions 
vere not determined, caution should be exercised in 
extrapolation of these curves. Temperature coefficient 
of the voltage was 0.035 volt/°C at all current den- 
sities. Temperatures given in Fig. 2 are those of the 
brine; denuder temperatures were generally 5—10°C 
higher. 

The cell was operated with a brine temperature of 
50°C in all succeeding work. 

\node potential, cathode potential, and voltage 


(+) 














Bi 


! Cell construction. A—anode lead; B—brine liquid 
evel: ( 


anode (graphite ring); D-—insulation; E—nylon 
diaphragm; F—rubber block supports; G—cathode lead; 
H—denuider section (pure sodium hydroxide solution); I— 
mereur. pool; J—Monel screen contact; K—brine. 
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Fic. 2. Operating voltage as a function of current den- 
sity and temperature. 





drop across the diaphragm were determined with a 
calomel half-cell and tubulus (6-8); voltage drop in 
solution and contact drops were determined by dif- 
ference. These potentials are plotted in Fig. 3. Prob- 
able error in each of the measured potentials is less 
than 0.01 volt. 

Voltage drops across the solution, diaphragm, and 
contact were small in comparison to anode and 
cathode potentials (Fig. 3). Voltage drops across the 
diaphragm were of the same order of magnitude as 
comparable published measurements for the dia- 
phragm of a Vorce cell (9). 

Anode potential was an important item in voltage 
drop across the cell, since its variation with current 
density was greater than that of the other potentials. 
Factors governing anode potential in a mercury cell 
are the same as in a diaphragm cell except that 
brine concentration and current density are some- 
what higher (10, 11). At 1 amp/in. the anode po- 
tential is 1.580 volts. Assuming that chlorine dis- 
charge potential on platinum is 1.330 volts (12), a 
polarization of 0.25 volt results at a current density 
of 1 amp/in.? This value is a reasonable approxima- 
tion of published measurements (9, 13). 

Anode potential measured during prolonged elec- 
trolysis was somewhat lower than that found in 
short laboratory tests. This occurred repeatedly, the 
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depression being greater than the experimental error; 
at present no reason is advanced as to why this 
should oecur. The effect, however, may be due to 
some type of anode conditioning by chlorine evolu- 
tion. 

Cathode potential is influenced only slightly by 
current density in comparison with anode potential. 
This is to be expected since polarization is effected by 
current density only in case of gas evolution (14). 
Changes in brine concentration influence cathode 
potential but slightly, whereas a change in amalgam 
concentration has a more pronounced effect (11). 


Operating Current Density 


Current efficiency of the cell over a wide range of 
brine and denuder velocities depended upon the 
average current density at which the cell was oper- 
ated. Visible gas evolution at the cathode occurred 
above a current density of 1.2 amp/in.*? It is also 
probable that incipient gas generation occurred at 
lower current densities. All succeeding work was 
carried out at a current density of | amp/in2 
Operating voltage at 50°C was 3.70 volts. 


Amalgam Denuder Studies 


Graphite chips were floated on the mercury pool 
surface in an effort to provide low hydrogen over- 
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Fic. 4. Instantaneous current efficiency as a funetio 
time of operation and denuder liquor velocity. Curr 
density: 1 amp/in.? Hg; temperature: 50°C. Flow rates 
gal/hr/ft? Hg; brine flow: 1.0; denuder flow: (1) 0.0. (2)? 
(3) 4.0, (4) 6.0, (5) 8.0, (6) 10.0 


voltage and promote the reaction of sodium amalgu 
with water (11, 13). Fig. 4 shows that at a denud 
velocity of 0.0 gal/(hr/ft? Hg), presence of the d 
polarizer increased current efficiency approximat: 
four times. The mechanism of amalgam decompo: 
tion has been studied previously (13). 


Flow Rate Studies 


Fig. 4 also shows instantaneous current efficien 
to be a function of time of operation and of denudi 
liquor velocity. During the first 349 hr of cell ope! 
tion, there was a slow buildup of sodium amalga! 
in the mercury which caused a slow increase in (i 
rent efficiency, irrespective of denuder liquor velocit) 
When the average caustic concentration reache 
8.3% by weight, current efficiency at low denude' 
flows began to decrease with time. At higher denude! 
flows, however, the apparatus approached stea() 
state as indicated by curves 5 and 6 of Fig. 4. Kaisitt 
denuder liquor velocity above 10.0 gal/hr [t ls 
when the average caustic concentration is less tha 
32% had no effect on current efficiency. 

Decrease of current efficiency at low d nuct! 


liquor flows was due to concentration polariza jo! *! 
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me ury-caustic interface which slowly increased 
th tue. There were indications that caustic con- 
trai on at the mercury-caustic interface was over 
<0 yy weight. Higher denuder liquor flow rates 
duced this concentration polarization. 

\Ithough brine velocities were varied over the 
nge 0.0 to 10.0 gal/hr/ft? Hg, this variation did 
ot have any effect on the relationship between 
yrrent efficiency and time as presented in Fig. 4. 
‘his was anticipated since the amount of brine con- 
»med during a run amounted to less than 10% of 
otal brine present. If electrolysis were continued for 

onger period, however, cathodic polarization would 
be expected. 

Inasmuch as turnover had no effect on early stages 
amalgam buildup, one may speculate that rate of 
uiidup was due to transfer of sodium controlled 
y a chemical step. After 3! hr of operation, turn- 

er did have an effect on rate of buildup, and here 
me may speculate that transfer of sodium was con- 
rolled by a convectional or diffusional process. 

steady-state cell operation after 349 hr of buildup 
. denuder velocity of 8.0 gal /hr/ft? Hg and a 
e velocity of 1.0 gal/hr ft? Hg permitted opera- 
at a current efficiency of 90-91% and attain- 
nent of a caustic concentration of 32.0% by weight. 
oncentration polarization then increased to such a 
nt that current efficiency was less than 90.0%. 


fat this time denuder liquor velocity was increased 
phove 30 gal/hr/ft? Hg, caustic concentration could 
e built up to 40% by weight before concentration 
larization increased to such a point that current 
ficiency was less than 90%. At this point, however, 
wavy gas generation occurred at the mercury- 
ine interface. Gas generation was probably due to 
odium concentration in the amalgam being greater 
han 0.2%, thus raising the sodium ion discharge 
tential above the potential for hydrogen discharge. 
rhis was confirmed in other experimental work (8). 
litration of the sodium amalgam indicated that 


‘oncentration of sodium was above 0.25% under 


these conditions. 


The necessary increase in denuder liquor velocity 
iter onset of concentration polarization was elim- 
inated by operating two cells in series at a denuder 
liquor velocity of 8 gal/hr/ft? Hg. Transfer between 
the two denuder compartments caused mixing to 
vcur, thus decreasing the tendency for concentra- 


ion polarization. A eaustic concentration of 40% 
by weight was obtained at this velocity, whereas 30 
kil hr ‘1? Hg was previously necessary. 


CONCLUSIONS 


Operation of the experimental cell with a two- 
stage denuder and denuder liquor velocity of 8.0 gal 
hr/ft? Hg, brine velocity of 1.0 gal/hr/ft? Hg, cur- 
rent density of | amp/in.2 Hg, and voltage drop of 
3.70 volts, produced 0.80 lb caustic soda/kwhr (1600 
kwhr/ton) at a current efficiency of 90-91 %. 

It is difficult to compare this cell to others re- 
ported in the literature, since complete operating 
data are rarely given. However, the following state- 
ments can be made: (a) brine and denuder veloc- 
ities noted above were well below those reported in 
the literature (10); (b) circulation of mercury was 
eliminated; (c) current density and over-all voltage 
drop were about the same as those reported for com- 
mercial operating units (15); and (d) the cell had the 
same output per kilowatt hour as commercial units 
of both the amalgam and diaphragm types. 
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Technical Note 





Anhydrous Ethylenediamine' 


R. M. Creamer anno D. H. CHamBeErRs 


Bureau of Mines Eastern Experiment Station, College Park, Maryland 


Ethylenediamine has been used frequently in elec- 
trochemical investigations as a nonaqueous ionizing 
solvent, as a chelating agent, and as a starting ma- 
terial for organic synthesis. One difficulty en- 
countered in its use has been the preparation of a 
dry sample. Several methods have been advanced for 
drying ethylenediamine (1-3). These methods, how- 
ever, are time consuming, present handling diffi- 
culties, and usually give a poor yield; therefore, an 
attempt was made to develop a more satisfactory 
method. Water removal by addition of a third ma- 
terial that forms a low-boiling azeotrope has been 
used extensively in other systems for dehydration. 
An effort was made to employ this procedure in de- 
hydrating ethylenediamine. 

The first agent used, isopropyl! ether, was found to 
be capable of accomplishing the desired dehydration. 
The main objection to this dehydrating agent was the 
rate of reaction; it required about 25 hr to dehydrate 
350 ml of 70% diamine. Benzene proved to be a 
much faster dehydrating agent than isopropyl] ether, 
probably as a result of the larger percentage of water 
in the benzene-water azeotrope. It was also found 
that a total condensing, phase-separating stillhead 
permitted drying to be completed with only a small 
quantity of dehydrating agent. This stillhead re- 
tained a portion of the condensed vapors. The light 
benzene fraction of the distillate was returned to the 
column as reflux, and only the heavier immiscible 
water layer was removed from the system. 

Ethylenediamine was dehydrated with benzene in 
the following manner: 100 ml of dry benzene was 
added to 500 ml of 70% ethylenediamine. This two- 
phase mixture was placed in a 1-liter flask at the 
bottom of a fractionating column 90 cm long and 
30 mm in diameter that was filled with 3 mm glass 
helices. To permit rapid dehydration, the boil-up 
rate from the flask was adjusted close to the column’s 
maximum capacity. A manometer that measured the 
pressure in the flask was useful in preventing column 


' Manuscript received May 25, 1953. 


‘ about 75°C to the boiling point of pure benzene 













flooding. The water and the small quantity ¢ 
ethylenediamine that distills with it were separate) 
from the benzene, the other component of the az 
trope, by means of the stillhead previously me, 
tioned. The system was protected from the outsid 
atmosphere by soda-lime tubes. During distillatio, 
the stillhead temperature slowly increased frog 


80°C. Removal of water by the azeotrope was rapid 
until only the monohydrate remained, at which point 
the rate of water removal became slower. When th 
ethylenediamine was dry, a point indicated by collee 
tion of a distillate of only one phase, benzene wa 
discharged from the stillhead and the dry diaminé 
distilled from the column. The time required to dry 
500 ml of ethylenediamine in the apparatus described 
was about 15 hr, a time that could probably be 
creased by the use of a column of greater capacity 
The concentration of ethylenediamine in the produc 
was at least 99.5% and had a specific conductivity 
of 1 X 10-* ohm™ em or less. The yield was 88 
Most losses could be attributed to hold up in the 
fractionating column and still base. 

This method gives a product that compares fayor- 
ably in physical and chemical characteristics wih 





the product obtained by the use of chemical method: 
of dehydration. The yield from the dehydration » 
high, the amount of dehydrating agent required & 
small and is easily recovered, and the dehydratu 
and purification are completed in only a single piet 
of apparatus. 


Any discussion of this paper will appear in a Discuss 
Section to be published in the December 1954 issue of te 
JOURNAL. 


REFERENCES 
1. G. L. Putnam ano K. A. Kose, Trans. Electrochem. Se 
74, 609 (1938). 
2, W. H. Bramiey anv W. F. Luper, J. Am. Chem. Sw 
66, 107 (1944) 


3. J. T. Cuarxe anv E. R. Buour, J. Polymer Sei., 1,4" 
(1946) 





